Development of HPLC Techniques for the Analysis of Trace Metal Species in the Primary Coolant of a Pressurised Water Reactor by Barron, Keiron Robert Philip
A t h e s i s e n t i t l e d 
Development of HPLC Techniques f o r the A n a l y s i s 
of Trace Metal Species i n the Primary Coolant 
of a Pressurised Water Reactor. 
Presented by Keiron Robert P h i l i p Barron, M,Sc-, GRSC 
I n p a r t f u l f i l m e n t of the requirements 
f o r the degree of 
DOCTOR of PHILOSOPHY 
of the 
COUNCIL f o r NATIONAL ACADEMIC AWARDS 
Department of Environmental Sciences 
Plymouth P o l y t e c h n i c , 
Drake C i r c u s , 
Plymouth PL4 8AA 
March 1988 
In c o l l a b o r a t i o n w i t h 
Atomic Energy Establishment W i n f r i t h , 
W i n f r i t h , 
Dorchester, 










This work has not been accepted i n substance 
f o r any o t h e r degree, and i s not c o n c u r r e n t l y 
being summitted f o r any o t h e r degree. 
Candidate 
Date :n^'%^ 
This i s t o c e r t i f y t h a t the work has been 
c a r r i e d out by the candidate h i m s e l f . 
Candidate 
Date Sn -^ 8'8 
Supervisor 
Date 
Development o f HPLC Techniques f o r t h e A n a l y s i s of 
Trace Metal Species i n t h e Primary Coolant of a 
Pressurised Water Reactor. 
by Keiron R.P.Barron 
A b s t r a c t 
The need t o monitor c o r r o s i o n products i n the 
primary c i r c u i t o f a p r e s s u r i s e d water r e a c t o r (PWR), 
a t a c o n c e n t r a t i o n o f lOpg m l - l i s d i scussed. A review 
of t r a c e and u l t r a - t r a c e metal a n a l y s i s , r e l e v a n t t o 
the s p e c i f i c requirements imposed by primary c o o l a n t 
c h e m i s t r y , i n d i c a t e d t h a t h i g h performance l i q u i d 
chromatography (HPLC), coupled w i t h p r e c o n c e n t r a t i o n 
of sample was an i d e a l t e c h n i q u e . 
A HPLC system was developed t o determine t r a c e 
metal species i n si m u l a t e d PWR primary c o o l a n t - I n 
order t o achieve the d e s i r e d d e t e c t i o n l i m i t an on-
l i n e p r e c o n c e n t r a t i o n system had t o be developed-
Separations were performed on Aminex A9 and Benson 
BC-XIO a n a l y t i c a l " columns. D e t e c t i o n was by post 
column r e a c t i o n w i t h Eriochrome Black T and Calmagite 
Linear c a l i b r a t i o n s of 2.5-lOOng of c o b a l t (the main 
species of i n t e r e s t ) , were achieved u s i n g up t o 200ml 
samples. The d e t e c t i o n l i m i t f o r a 200ml sample was 
lOpg m l " l 
I n o rder t o achieve t h e d e s i r e d aim o f o n - l i n e 
c o l l e c t i o n of species a t BOO^ 'C, the use of i n o r g a n i c 
ion-exchangers i s e s s e n t i a l . A novel a p p l i c a t i o n , 
u t i l s i n g t h e a t t r a c t i v e f e a t u r e s of t h e i n o r g a n i c 
ion-exchangers t i t a n i u m d i o x i d e , z i r c o n i u m d i o x i d e , 
z i rconium arsenophoshate and pore c o n t r o l l e d g l a s s 
beads, was developed f o r the p r e c o n c e n t r a t i o n of 
t r a c e metal species a t temperature and pressure. The 
performance o f these exchangers, a t ambient and 300''C 
was assessed by t h e i r i n c l u s i o n i n the developed 
a n a l y t i c a l system and by the use o f r a d i o i s o t o p e s . 
The p a r t i c u l a r emphasis d u r i n g the development 
has been upon accuracy, r e p r o d u c i b i l i t y of recovery, 
s t a b i l i t y o f reagents and system c o n t a m i n a t i o n , 
s t u d i e d by the use of r a d i o i s o t o p e s and response t o 
post column reagents-
This study i n c o n j u n c t i o n w i t h work c a r r i e d out 
a t W i n f r i t h , r e s u l t e d i n a m o n i t o r i n g system t h a t 
could f o l l o w changes i n c o o l a n t c h e m i s t r y , on 
d e p o s i t i o n and r e l e a s e o f metal species i n sim u l a t e d 
PWR water loops. On-line d e t e c t i o n of c o b a l t a t l l p g 
m l ~ l was recorded, something which p r e v i o u s l y c o u l d 
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X I 
CHAPTER ONE 
1. I n t r o d u c t i o n -
1.1 Water Cooled Reactors. 
The g e n e r a t i o n of e l e c t r i c i t y by nuclear power 
s t a t i o n s i n B r i t a i n , has f o r over twenty years been 
l a r g e l y s u p p l i e d by gas-cooled r e a c t o r s . The m a j o r i t y 
of gas-cooled r e a c t o r s are of the Magnox t y p e , which 
are now being superseded by the advanced gas-cooled 
r e a c t o r (AGR )- Although the performance of the AGR 
i s improving t h e r e i s l i m i t e d experience of i t s 
op e r a t i o n and d i f f i c u l t i e s have been encountered i n 
i t s c o n s t r u c t i o n . The Ce n t r a l E l e c t r i c i t y Generating 
Board (CEGB) t h e r e f o r e wishes t o beable t o choose 
between the AGR and a s u i t a b l e a l t e r n a t i v e ( 1 ) . 
The c l a s s i f i c a t i o n of water cooled nuclear 
r e a c t o r s may be d i v i d e d i n t o two s e c t i o n s :- L i g h t 
water r e a c t o r s (LWR) and heavy water r e a c t o r s (HWR). 
An extensive amount of l i t e r a t u r e has been published 
concerning both types of r e a c t o r and the f o l l o w i n g 
p u b l i c a t i o n s g i v e a good background knowledge(2-5). 
The LWR's may be subdivided f u r t h e r i n t o the 
b o i l i n g water r e a c t o r (BWR) and the p r e s s u r i s e d water 
r e a c t o r (PWR). Both the BWR and PWR r e a c t o r s use 
h i g h l y p u r i f i e d water as co o l a n t and moderator. I n a 
BWR the heat i s e x t r a c t e d by a l l o w i n g the c o o l a n t t o 
b o i l and the steam generated d r i v e s the t u r b i n e . 
I n a PWR the c o o l a n t i s kept under h i g h pressure 
and the heated water i s passed i n t o a steam 
generator, where water i n a secondary c i r c u i t i s 
converted t o steam t o d r i v e the t u r b i n e s . 
The most commercially successful heavy water 
r e a c t o r i s the Canadian designed CANDU r e a c t o r ( 
Canadian Deutrium Uranium). The CANDU uses heavy 
water (D^O), as both c o o l a n t and moderator. The heavy 
water c o o l a n t , w h i l e maintained under h i g h pressure 
i s heated by passing over the f u e l elements, l o c a t e d 
i n c l u s t e r s of separate pressure tubes. The c l u s t e r s 
of pressure tubes are immersed i n a tank of heavy 
water which acts as the moderator. Heated water i s 
passed i n t o the steam generator, c o n v e r t i n g l i g h t 
water i n the secondary c i r c u i t i n t o steam, t o d r i v e 
the t u r b i n e s . A number of c o u n t r i e s have also 
developed r e a c t o r s s i m i l a r t o CANDU, the "steam 
generating heavy water r e a c t o r " (SGHWR), using heavy 
water as a moderator and l i g h t water as c o o l a n t . 
B r i t a i n has had a 100 MW(e) v e r s i o n i n o p e r a t i o n a t 
w i n f r i t h i n Dorset since 1969. 
1.2 Choice of Reactor. 
When c o n s i d e r i n g the performance o f nuclear 
r e a c t o r s throughout the w o r l d , water r e a c t o r s and 
i n p a r t i c u l a r the p r e s s u r i s e d water r e a c t o r (PWR) are 
the most w i d e l y used. 
More than one hundred and f i f t y r e a c t o r s are i n 
o p e r a t i o n i n over twenty c o u n t r i e s and account f o r 
approximately 60% of e l e c t r i c i t y generated by those 
c o u n t r i e s . Consequently, the CEGB i n c o n s i d e r i n g the 
a l t e r n a t i v e s decided t h a t the PWR r e a c t o r was the 
most s u i t a b l e and i n 1973 proposed the b u i l d i n g of a 
PWR a t S i z e w e l l i n S u f f o l k , i n order t o f u l l y assess 
the most d e s i r a b l e type of nuclear r e a c t o r , capable 
of meeting B r i t a i n ' s f u t u r e needs(6). 
I n support of t h i s proposal and i n p r e p a r a t i o n 
f o r a formal s a f e t y review, l e a d i n g t o a d e c i s i o n on 
l i c e n s i n g by the Nuclear I n s t a l l a t i o n s I n s p e c t o r a t e 
(NIX) ex. view of PWR s a f e t y was undertaken. The 
issues s e l e c t e d . f o r d e t a i l e d c o n s i d e r a t i o n were:-
a) P o t e n t i a l p l a n t f a u l t s and t h e i r a n a l y s i s ; 
b) Loss of coolant accidents (LOCA) ; 
c) Primary coo l a n t c i r c u i t i n t e g r i t y i n c l u d i n g the 
r e a c t o r pressure v e s s e l , primary loop pipework and 
steam generators; 
d) Fuel element behaviour; 
e) Reactor p r o t e c t i o n systems; 
f ) Containment; 
g) R a d i o l o g i c a l r i s k i n normal o p e r a t i o n ; 
h) Radioactive waste a r i s i n g on the r e a c t o r s i t e . 
The main conclusion of t h i s review was; " t h a t 
there was no fundamental reason f o r r e g a r d i n g s a f e t y 
as an obstacle t o the s e l e c t i o n of a PWR f o r 
commercial e l e c t r i c i t y g e n e r a t i o n i n the United 
Kingdom"(7). The N i l also expressed the view, t h a t 
some aspects of s a f e t y had not been adequately 
answered t o t h e i r s a t i s f a c t i o n - D e t a i l e d 
recommendations were put forward where reasonable and 
p r a c t i c a b l e improvements appeared p o s s i b l e , 
i n c l u d i n g more i n f o r m a t i o n and improvements i n design 
and / or s t a t e of the a r t i n s t r u m e n t a t i o n . 
This research was i n i t i a t e d t o i n v e s t i g a t e under 
s e c t i o n (c) above, a s u i t a b l e a n a l y t i c a l technique t o 
monitor t r a c e metal i m p u r i t i e s i n a PWR primary 
c o o l a n t a t the sub-part per b i l l i o n l e v e l . The 
o v e r a l l aim was t o o p t i m i s e s t i l l f u r t h e r the 
chemistry of the c o o l a n t water, reducing the 
f o r m a t i o n of c o r r o s i o n products and associated 
r a d i a t i o n f i e l d s . An approach which also has the 
b e n e f i t s of b r i n g i n g down maintenance costs and 
a s s i s t i n g i n the economic v i a b i l i t y of the p l a n t . 
1.3 The Pressurised water r e a c t o r (PWR), 
O r i g i n a l l y the PWR was developed by the m i l i t a r y 
f o r submarines, and was l a t e r developed f o r 
commercial purposes(2). A schematic diagram i s shown 
i n Figure 1, w i t h a more d e t a i l e d t e c h n i c a l l a y o u t 
(8) i n Appendix 1. 
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Heat generated i n the f u e l by the f i s s i o n 
process i s removed by the upward f l o w of primary 
coolant water between the f u e l rods. Heated water 
passes i n t o , the steam generators, where the heat 
t r a n s f e r e n c e takes place t o water i n the secondary 
c i r c u i t . Water i n the secondary c i r c u i t being a t a 
much lower pressure, b o i l s and the steam generated 
d r i v e s the t u r b i n e s , the steam i s then condensed back 
t o water, r e p r e s s u r i s e d and r e t u r n e d back t o the 
steam generators. The primary c o o l a n t i s pumped back 
i n t o the r e a c t o r core by the primary c o o l a n t pump. 
Under normal o p e r a t i n g c o n d i t i o n s t h e r e i s a p a r t i a l 
r e c i r c u l a t i o n of the c o o l a n t through a chemical and 
volume c o n t r o l system (CVCS)- The c o o l a n t i s cooled 
and passed through a mixed bed ion-exchanger 
(removing both i n s o l u b l e p a r t i c u l a t e s and s o l u b l e 
i o n i c s p e c i e s ) , then reheated and f e d back i n t o the 
main cool a n t system. 
1.4 Pressurised water r e a c t o r f u e l . 
There i s t y p i c a l l y 50,000 f u e l rods i n the 
re a c t o r core of a 1320 MW(e) s t a t i o n . The f u e l i s 
s i n t e r e d uranium d i o x i d e p e l l e t s , e n r i c h e d i n the 
f i s s i l e U-235 i s o t o p e . N a t u r a l l y o c c u r i n g U-238 
contains 0-72% U-235, and f o r . i t t o be of any 
economic advantage i t needs e n r i c h i n g t o 2.4% 
The uranium d i o x i d e p e l l e t s are c l a d i n a zir c o n i u m 
a l l o y tube which gives mechanical support, aids i n 
the uniform heat t r a n s f e r e n c e from the f u e l t o the 
c o o l a n t , p r o t e c t s the f u e l from c o r r o s i v e a c t i o n by 
the c o o l a n t and r e t a i n s the f i s s i o n products formed 
i n the f u e l rods ( 9 ) . 
Each f u e l rod i s 3.7 metres long and 264 are 
arranged together i n a 17 x 17 s t a i n l e s s s t e e l square 
l a t t i c e a r r a y , c a l l e d an assembly. There i s a t o t a l 
of 193 assemblies making up the r e a c t o r core and each 
assembly has s t a i n l e s s s t e e l e n d - f i t t i n g s which serve 
t o d i r e c t the co o l a n t f l o w up through the f u e l rods, 
f a c i l i t a t e easy handling d u r i n g r e f u e l 1 i n g and provide 
mechanical s t r e n g t h when lo c a t e d i n the r e a c t o r core. 
1.5 Pressurised water r e a c t o r energy o u t p u t c o n t r o l . 
C a r e f u l c o n t r o l over the chain r e a c t i o n i s 
r e q u i r e d i n order t o achieve a c o n t r o l l e d power 
out p u t . F i s s i o n occurs when a moderated or "slowed " 
neutron t r a v e l l i n g a t the r i g h t speed c o l l i d e s w i t h a 
U-235 atom and i s adsorbed. The r e s u l t a n t nucleus i s 
less s t a b l e and s p l i t s i n two, r e l e a s i n g energy and 
several more f a s t neutrons, which may go on t o 
produce more f i s s i o n s . The process i s e x p o n e n t i a l and 
r e s u l t s e v e n t u a l l y i n an u n c o n t r o l l a b l e r e l e a s e of 
energy. 
However, by l i m i t i n g the excess of neutrons, a s t a t e 
of dynamic e q u i l i b r i u m i s a t t a i n e d , whereby one 
neutron per f i s s i o n goes on t o cause one more 
f i s s i o n . Such a process thus provides a constant 
output of heat energy. Neutrons are moderated or 
slowed down by m a t e r i a l s which f o l l o w i n g c o l l i s i o n 
e l a s t i c a l l y s c a t t e r some of the neutron's energy but 
do not adsorb the neutron i t s e l f . Water serves t h i s 
purpose very w e l l and may t h e r e f o r e be used not o n l y 
as a coo l a n t i n removing heat r e l e a s e d , but also as a 
moderator i n c o n t r o l l i n g the heat energy o u t p u t . A 
schematic diagram of a c o n t r o l l e d f i s s i o n process i s 
shown i n Figure 2. 
Figure 2 Schematic of a F i s s i o n Process 
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The excess of the "slowed" or thermal neutrons, 
i s l i m i t e d by a d s o r p t i o n w i t h boron i n the form of 
s o l u b l e b o r i c a c i d , which acts as a burnable poison 
and i s present i n the primary c o o l a n t . At r e a c t o r 
s t a r t up ( f o l l o w i n g r e f u e l l i n g ) , the c o n c e n t r a t i o n of 
b o r i c a c i d i s 1200ppm, t h i s i s s u c c e s s i v e l y reduced 
as the supply of neutrons i s deminished w i t h the 
consumption of f u e l and i s p r a c t i c a l l y zero when the 
f u e l needs r e p l a c i n g . Fine tune c o n t r o l over the 
chain r e a c t i o n i s exercised by c o n t r o l rods, which 
can be e i t h e r r a i s e d or lowered, t o meet changes i n 
the demand f o r energy o u t p u t . 
1.6 Primary C i r c u i t C orrosion. 
Regardless of the r e a c t o r type chosen, a major 
concern i s t h a t of c o r r o s i o n , e r o s i o n and h y d r a t i o n 
of f u e l c l a d d i n g a r i s i n g from the use of water, 
both as a c o o l a n t and moderator (10). The r o o t cause 
of the problem of r a d i o a c t i v e b u i l d up i n o u t - o f - c o r e 
components i s the presence of the metal atoms 
n i c k e l and c o b a l t i n the m a t e r i a l s of c o n s t r u c t i o n of 
the primary c i r c u i t . The i n a c t i v e metal ions are 
released i n t o the c o o l a n t by aqueous c o r r o s i o n and 
e r o s i o n processes, a c t i v a t e d i n the core and are 
subsequently redeposited on o u t - o f - c o r e s u r f a c e s . 
N i c k e l and c o b a l t are the r e s p e c t i v e precursors of 
the high energy, long l i v e d Co-58 and Co-60 
r a d i o n u c l i d e s . The other major r a d i o n u c l i d e s which 
c o n t r i b u t e t o high r a d i a t i o n l e v e l s are Cr-51, Fe-59, 
Mn-54, Zn-65 and Zr-89, and are l i s t e d i n - T a b l e 1. 







































The t r a n s p o r t a t i o n of s o l u b l e and p a r t i c u l a t e 
species by e r o s i o n and d i s s o l u t i o n of c o r r o s i o n 
products, CRUD( an acronym f o r Chalk River 
U n i d e n t i f i e d Deposits ( 1 1 ) ) , i n t o the r e a c t o r core, 
f o l l o w e d by d e p o s i t i o n onto f u e l p i n s , has the e f f e c t 
of reducing both the heat t r a n s f e r e n c e t o and the 
volume of co o l a n t f l o w i n g through the r e a c t o r core 
and u l t i m a t e l y increases the p o s s i b i l i t y of f u e l p i n 
f a i l u r e , from increased f u e l sheath temperatures. 
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Fuel p i n f a i l u r e and the r e d e p o s i t i o n of a c t i v a t e d 
CRUD around the primary c i r c u i t on o u t - o f - c o r e 
components, leads t o increased r a d i o a c t i v e b u i l d - u p 
and high o p e r a t i o n a l r a d i a t i o n exposure d u r i n g 
shutdown, i n areas where maintenance and r e p a i r work 
i s necessary. The choice of s u i t a b l e m a t e r i a l s f o r 
c o n s t r u c t i o n i s l i m i t e d by the c o n s t r a i n t s of the 
tasks they are r e q u i r e d f o r . Two t h i r d s of the 
primary c i r c u i t i n t e r n a l surfaces are made up of the 
steam generator tubes, which the Westinghouse 
s p e c i f i c a t i o n r e q u i r e s they be made of In c o n e l 600, a 
high n i c k e l content a l l o y (70-75%). Consequently 
about one t h i r d of a l l metal atoms i n c o n t a c t w i t h 
the c o o l a n t are Ni-58 which gives r i s e t o the 
presence of Co-58 i n the CRUD, w i t h a small i n p u t of 
Co-60 a r i s i n g from c o b a l t i m p u r i t i e s i n i n c o n e l 600. 
The main source of Co-60 comes from the s t e l l i t e 
hard f a c i n g a l l o y s (50-60% c o b a l t ) , used i n heavy 
wear .components, such as va l v e s , c o n t r o l rod d r i v e 
mechanisms, e t c . I t i s not s u r p r i s i n g then t h a t new 
m a t e r i a l s , c o r r o s i o n and t r a n s p o r t a t i o n of species, 
remains the s u b j e c t of i n t e n s i v e r e s e a r c h , as 
evidenced by vari o u s p u b l i c a t i o n s and conferences 
d e a l i n g s p e c i f i c a l l y w i t h these problems (12-21). 
While progress has been made i n the r e d u c t i o n of 
c o b a l t c o n t a i n i n g m a t e r i a l s , the l e v e l of c o r r o s i o n 
can only be kept t o a minimum by c a r e f u l c o n t r o l of 
the c o o l a n t chemistry. 
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1.7 Primary C i r c u i t Coolant Chemistry. 
The c o n d i t i o n s under which the r e a c t o r c o o l a n t 
i s r e q u i r e d t o operate are, temperature OSO^'C, 
pressure 2300 p s i (16MPa), intense gamma (^) and 
neutron i r r a d i a t i o n , a l l of which may g i v e r i s e t o 
p o t e n t i a l l y severe c o r r o s i o n c o n d i t i o n s w i t h i n the 
c i r c u i t (22). I n a d d i t i o n , r a d i o l y t i c decomposition 
of water forms a number of species t h a t w i l l tend t o 
change the pH, promote c o r r o s i o n and the p o s s i b i l i t y 
of b u i l d up of e x p l o s i v e gas mixtures (23). To 
minimise t h i s c o r r o s i o n , c a r e f u l c o n t r o l o f c o o l a n t 
chemistry i s e x e r c i s e d . The a d d i t i o n o f l i t h i u m 
hydroxide ensures a constant pH throughout the 
r e a c t o r s o p e r a t i n g c y c l e . Feed water p u r i t y i s 
maintained a t a very h i g h q u a l i t y by f i l t r a t i o n 
through ion-exchange beds. Thirdly^oxygen c o n t e n t i s 
c o n t r o l l e d by i n j e c t i n g hydrogen i n t o the c o o l a n t t o 
keep the system under reducing c o n d i t i o n s . 
I l l u s t r a t i o n of the need t o c o n t r o l these parameters 
i s ably demonstrated by the r a d i o l y s i s of water. 
1.7.1 R a d i o l y s i s of Water. 
The primary products of the r a d i o l y s i s of water 
are the r a d i c a l s H* , OH- , the s o l v a t e d e l e c t r o n e-aq 
and the molecular products H2 , ^2^2 '^ 2- However, 
when very pure water systems are i r r a d i a t e d no 
s i g n i f i c a n t decomposition occurs, since a dynamic 
s t a t e of e q u i l i b r i u m i s e s t a b l i s h e d . 
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I n i t i a t i o n steps:-
y .^ --r.^^u^o'' + e" 
e" + H^ O ^ OH" + H* 
aq 2 aq 
Kr, "oO"" ^ H" ^ 
aq 2 aq 
Dynamic e q u i l i b r i u m : -
+ HO" t^H' + H2O 
H" + H^ O^  ^ ^ Q 
2 
H* + HO* ^ H^ O 
Ox i d a t i o n of hydrogen peroxide by the OH r a d i c a l 
a l so occurs, though very s l o w l y v i a hydroperoxy 
r a d i c a l (HO2.) f o r m a t i o n . 
"2*^2 * - ^ H 0 2 ' + H2O 
HO2 + OH" * ^2^ 
I n the presence of i m p u r i t i e s (scavengers) such 
as c h l o r i d e , there i s c o m p e t i t i o n w i t h the above 
dynamic e q u i l b r i u m , i n c r e a s i n g the o x i d a t i o n of 
hydrogen peroxide t o oxygen by scavenging the 
H* r a d i c a l . 
C I + H • x" + H"*" 
Hence , to overcome the f o r m a t i o n of excess 
q u a n t i t i e s of oxygen, hydrogen i s added t o co n v e r t 
the o x i d i s i n g OH* r a d i c a l t o the reducing H" r a d i c a l 
( reducing the o x i d a t i o n of hydrogen peroxide t o 
oxygen and i n c r e a s i n g the r e d u c t i o n of oxygen t o 
water) . 
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1-8. Review of Trace and U l t r a - t r a c e Metal A n a l y s i s . 
With the advent of s o p h i s t i c a t e d i n s t r u m e n t a l 
techniques, the a b i l i t y t o determine very lov/ a n a l y t e 
c o n c e n t r a t i o n s became f e a s i b l e ( 2 4 ) . I t brought w i t h 
i t the r e a l i s a t i o n of the need f o r very c a r e f u l 
a t t e n t i o n t o a number of i n h e r e n t problems, such as 
m a t r i x i n t e r f e r e n c e , q u a n t i t y of host m a t e r i a l t h a t 
the sample i s contained i n and p h y s i c a l l o c a t i o n o f 
sample. Consequently, choice of method i s o f t e n 
determined by the problem encountered- The a n a l y s i s 
may r e q u i r e remote handling ' techniques, as i s o f t e n 
n e c e s s i t a t e d when handling h i g h l y r a d i o a c t i v e , t o x i c 
or unstable species and/or host m a t e r i a l s . Sampling 
and any pretreatment may, and o f t e n does, a f f e c t the 
o b s e r v a t i o n made and t h e r e f o r e c o r r e c t i o n procedures 
are needed- M a t r i x matching of samples and standards 
may be r e q u i r e d , loss of sample d u r i n g storage and 
a n a l y s i s may occur and contamination from reagents, 
a i r or a n a l y s t needs a v o i d i n g or compensating f o r . 
The d i s t i n c t i o n between t r a c e and u l t r a - t r a c e 
a n a l y s i s may be broadly d e f i n e d by the c o n c e n t r a t i o n s 
t h a t are being measured. Trace a n a l y s i s i n v o l v i n g 
c o n c e n t r a t i o n s between 0.1 and 100 pg g " l , and u l t r a -
t r a c e a n a l y s i s <0.1 ^ig g ~ l ( 2 5 ) . 
G r a v i m e t r i c and t i t r i m e t r i c techniques were the 
f i r s t t o be used f o r q u a n t i t a t i v e m i c r o - a n a l y t i c a l 
elemental a n a l y s i s (25). 
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The f i r s t techniques t o use e l e c t r i c i t y were those of 
nephelometry and c o l o r i m e t r y (26) . These c l a s s i c a l 
techniques are s t i l l i n e x i s t e n c e today, but t h e i r 
p o p u l a r i t y i s waning . i n favour of i n s t r u m e n t a l 
techniques, which u t i l i s e the i n t e r a c t i o n of 
electro-magnetic r a d i a t i o n w i t h matter ( 2 7 ) , Table 
two shows a comparison of the t y p i c a l d e t e c t i o n 
l i m i t s f o r a number of t r a c e and u l t r a - t r a c e metal 
i n s t r u m e n t a l techniques, capable of a n a l y s i n g both 
l i q u i d and or s o l i d samples. 
1.8.1 Multi-element and S p e c i a t i o n A n a l y s i s . 
I n c r e a s i n g l y , t h e t r e n d i n a n a l y t i c a l chemistry 
i s towards multi-element a n a l y s i s , mainly on economic 
grounds where a large number of samples r e q u i r e a 
range of elemental d e t e r m i n a t i o n s . There are also 
those s i t u a t i o n s where i t i s d e s i r a b l e t o c a r r y out a 
l i m i t e d amount of sample ha n d l i n g and when only micro 
(0.001 - O.lg) and submicro (<0.001g) a n a l y t i c a l 
sample sizes are a v a i l a b l e . 
Over the past t h i r t y years a number of powerful 
multi-element techniques have been developed. 
I n d u c t i v e l y coupled plasma atomic emission 
spectroscopy (ICP-AES) instruments are capable of 
determining some seventy elements, w i t h 
s e n s t i t i v i t i e s f o r some elements orders o f magnitude 
b e t t e r than other emission techniques. 
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Table 2 
Comparison of D e t e c t i o n L i m i t s of 
Various A n a l y t i c a l Techniques (28) 
Technique D e t e c t i o n L i m i t (ng) 
X-Ray fluorescence 100.0 
E l e c t r o n spin resonance 100.0 
Flame emission 100.0 
Molecular a b s o r p t i o n 1.0 
Emission spectrometry 1.0 
Molecular fluorescence 0.1 
Flame atomic a b s o r p t i o n 0.1 
D i f f e r e n t i a l pulse polarography 0.01 
Anodic s t r i p p i n g voltammetry 0-01 
El e c t r o t h e r m a l atomic a b s o r p t i o n 
spectrophotometry 0-005 
I n d u c t i v e l y coupled plasma-
emission spectroscopy 0.005 
Spark source mass spectrometry 0.001 
Neutron a c t i v a t i o n a n a l y s i s 0.001 
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Spark source mass spectrometry (SSMS) has a 
l i m i t of d e t e c t i o n of 0.1 nanograms f o r over 70 
elements, and has proven t o be an i d e a l t o o l f o r 
b i o l o g i c a l samples ( 2 9 ) . Secondary i o n mass 
spectometry (SIMS) or i o n probe a n a l y s i s f u l f i l l s a 
complementary r o l e f o r the a n a l y s i s of surface 
samples (30). 
Neutron a c t i v a t i o n a n a l y s i s (NAA) a l s o o f f e r s a 
very s e n s i t i v e technique w i t h sub-nanogram d e t e c t i o n 
l i m i t s , although i t i s expensive and time consuming. 
NAA i s best s u i t e d t o multi-element screening where 
time, cost and d e t a i l e d chemical i n f o r m a t i o n are not 
the e s s e n t i a l f e a t u r e s ( 3 1 ) . 
X-ray fluorescence w h i l e haying m u l t i - e l e m e n t 
c a p a b i l i t y , has r e l a t i v e l y poor s e n s i t i v i t y io-\^<^) and 
r e q u i r e s p r e c o n c e n t r a t i o n of sample to be comparable 
w i t h SSMS or NNA. 
One of the most commonly used e l e c t r o c h e m i c a l 
techniques f o r enviromental samples i s anodic 
s t r i p p i n g voltammetry (ASV). The use of t h i n l a y e r 
mercury e l e c t r o d e s , enables sever a l elements a t sub-
nanogram l e v e l s t o be determined f o r each p l a t i n g -
s t r i p p i n g c y c l e . I n t e r f e r e n c e s may a r i s e by c e r t a i n 
elements forming i n t e r m e t a l l i e compounds such as AuCu 
and ZnCu i n the mercury t h i n f i l m (32). 
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One of the major disadvantages of a l l t h e s e 
methods i s the l i m i t e d c a p a b i l i t y f o r s p e c i a t i o n 
a n a l y s i s , the d e t e r m i n a t i o n of d i f f e r e n t chemical 
forms ( o x i d a t i o n s t a t e s ) of the same element. A 
technique capable of t r a c e metal s p e c i a t i o n and 
multi-element a n a l y s i s i s t h a t of high performance 
l i q u i d chromatography (HPLC) ( 3 3 ) . 
HPLC techniques have been developed to a l l o w up 
to 13 metal s p e c i e s to be s e p a r a t e d i n 40 minutes 
( 3 4 ) . HPLC t h e r e f o r e p r e s e n t s i t s e l f as a c o n v e n i e n t 
means, whereby pure a n a l y t e s f r e e from i n t e r f e r i n g 
m a t r i c e s , can be presented to a d e t e c t o r f o r 
determination. Consequently, the number of 
a p p l i c a t i o n s c o u p l i n g HPLC to s e n s t i t i v e d e t e c t o r s 
has grown s t e a d i l y over the p a s t few y e a r s (35-37), 
with d e t e c t i o n l i m i t s i n the sub-nanogram range being 
r e a d i l y achieved. The c o u p l i n g of powerful 
instruments together, makes the o v e r a l l package 
expensive and t h e r e f o r e i s g e n e r a l l y only a v a i l a b l e 
to l a r g e o r g a n i s a t i o n s , p u b l i c bodies and r e s e a r c h 
i n s t i t u t e s . L e s s s e n s i t i v e and l e s s expensive 
d e t e c t o r s coupled to HPLC and u t i l i s i n g 
c o n d u c t i m e t r i e ( 3 8 ) and spectrophotometrie (39) 
p r i n c i p l e s , have d e t e c t i o n l i m i t s approaching 1 ng, 
making the technique comparable w i t h flame AAS i n 
terms of s e n s i t i v i t y . 
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HPLC a l s o has the advantage of p r e c o n c e n t r a t i n g 
samples p r i o r to s e p a r a t i o n and t h e r e f o r e i n 
s i t u a t i o n s were sample s i z e i s not a problem, the 
s e n s i t i v i t y can p a r a l l e l t h a t of I C P - A E S or NAA. A 
drawback i n the comparision of HPLC to ICP-AES or 
NAA, i s the number of metals t h a t can be a n a l y s e d a t 
one time. 
1.9 Choice of method-
As with many a n a l y t i c a l methods, i t i s o f t e n the 
o b j e c t i v e t h a t d i c t a t e s the most s u i t a b l e technique-
The o b j e c t i v e i s u l t r a - t r a c e metal monitoring of 
primary c o o l a n t water i m p u r i t i e s , u l t i m a t e l y a t 
temperature and p r e s s u r e (305"c and 2200 p s i ) - The 
reason f o r such a monitoring procedure i s to q u i c k l y 
and a c c u r a t e l y measure the e f f e c t s t h a t changes i n 
c o o l a n t c h e m i s t r y and p h y s i c a l t r a n s i e n t s such as 
s t a r t up, shut down and s h o r t term p e r t u r b a t i o n s have 
upon s o l u b l e c o r r o s i o n product c o n c e n t r a t i o n s -
Cobalt-60 i s of primary concern because i t i s a high 
energy ^J-emitter, with a h a l f - l i f e of 5.27 y e a r s . 
When c o n s i d e r i n g a s u i t a b l e a n a l y t i c a l 
technique, capable of c a r r y i n g out d e t e r m i n a t i o n s a t 
the c o n c e n t r a t i o n l e v e l s expected lOpg ml ,^ i n a 
1200ppm b o r i c a c i d matrix then e l e c t r o t h e r m a l atomic 
a b s o r p t i o n spectrophotometry (EAAS) and I C P - A E S 
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are not q u i t e s e n s i t i v e enough (boardering on the 
l i m i t of d e t e c t i o n ) , w h i l e NAA and SSMS may s u f f e r 
from i n t e r f e r e n c e e f f e c t s from l i t h i u m and borate 
i o n s . Recently, d i f f e r e n t i a l p u l s e polarography (DPP) 
and d i f f e r e n t i a l p u l s e s t r i p p i n g voltammetry (40,41) 
have been proposed as a l t e r n a t i v e methods, w i t h 
d e t e c t i o n l i m i t s i n the . order 0.01-1 ng f o r n i c k e l 
and c o b a l t . U n f o r t u n a t e l y , as with a l l l a b o r a t o r y 
based techniques, they cannot r e a d i l y be adapted to 
automated o n - l i n e o p e r a t i o n , n e i t h e r can they 
a b s o l u t e l y guarantee the a n a l y t i c a l i n t e g r i t y of 
"grab" samples, p a r t i c u l a r l y a t u l t r a - t r a c e 
c o n c e n t r a t i o n s . On-line c o l l e c t i o n of s o l u b l e s p e c i e s 
by p r e c o n c e n t r a t i o n onto ion-exchange f i l t e r 
membranes{42), followed by lengthy sample p r e p a r a t i o n 
f o r X-ray f l u o r e s c e n c e and/or EAAS a n a l y s i s , has been 
widely used f o r monitoring i m p u r i t i e s i n water 
c i r c u i t s of both BWRs and PWRs. T h i s approach i s time 
consuming, prone to contamination and makes i t very 
d i f f i c u l t to f o l l o w r e l a t i v e l y s h o r t r e a c t o r 
t r a n s i e n t s . Also, due to the presence of l i t h i u m and 
borate i o n s , severe l i m i t a t i o n s with t h i s method have 
been e x p e r i e n c e d ( 4 3 ) . 
HPLC i s an i d e a l technique f o r monitoring t r a c e 
metal s p e c i e s i n the primary c o o l a n t , a l l o w i n g not 
only continuous o n - l i n e monitoring of chemical and 
p h y s i c a l t r a n s i e n t s , 
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but a l s o reduces a d v e n t i t o u s sample contamination 
a s s o c i a t e d with d i s c r e t e sampling methods- I t o f f e r s 
the f u r t h e r advantages of multi-element c a p a b i l i t y 
(thus keeping the number of a n a l y t i c a l t e c h n i q u e s to 
a minimum), can d i f f e r e n t i a t e species, such as Fe ( I I ) 
and F e ( I I I ) , can s a f e l y operate under the p r e s s u r e s 
a s s o c i a t e d with a PWR (2300psi) and has the p o t e n t i a l 
f o r sample c o l l e c t i o n a t 305°C, thereby g r e a t l y 
reducing sample l i n e a r t i f a c t s . 
Two of the main d e t e c t i o n systems c u r r e n t l y used 
i n the i n o r g a n i c a p p l i c a t i o n of HPLC are 
e l e c t r o c h e m i c a l (38,44) and s p e c t r o p h o t o m e t r i c 
(45,46) d e t e c t o r s , with reported d e t e c t i o n l i m i t s i n 
the range 0.1-lng ml-^. I n order to a c h i e v e l i m i t s of 
d e t e c t i o n i n the pg ml--*- range, a number of 
approaches may be adopted- The use of l a r g e i n j e c t i o n 
volumes ( 4 7 ) , new d e t e c t o r designs (48) or the use of 
f l u o r e s c e n t (49) and r a d i o c h e m i c a l d e t e c t i o n systems 
(50,51). However, sample p r e c o n c e n t r a t i o n e i t h e r 
d i r e c t l y onto the chromatography column (52) or onto 
a precolumn ( 5 3 ) , o f f e r s the most v e r s a t i l e approach 
to u l t r a - t r a c e a n a l y s i s f o r the a n a l y t i c a l system 
under development. 
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1.10 H i s t o r i c a l Review of the Development of 
Chromatography. 
Chromatography i s t h e . g e n e r a l name gi v e n to the 
methods, whereby two or more s p e c i e s p h y s i c a l l y 
s e p a r a t e themselves, by d i s t r i b u t i o n between a 
s t a t i o n a r y and mobile phase. 
The d i s c o v e r y of chromatography i s c r e d i t e d to 
the Russian b o t a n i s t , Tswett, who i n 1903 p u b l i s h e d a 
paper on the s e p a r a t i o n of c h l o r o p h y l l p l a n t pigments 
on a c h a l k column(54). I n the paper he d e s c r i b e d the 
process t h a t occured and termed i t "chromatographe". 
From the Greek words chroma (colour) and graphe 
( w r i t i n g ) . However, the f i r s t recorded work of a 
s e p a r a t i o n process was i n the 1850's, when J.F.Way 
(55) was able to achieve a s e p a r a t i o n by p a s s i n g a 
crude o i l f r a c t i o n through F u l l e r s e a r t h , although 
was not able to e x p l a i n the p r o c e s s . Tswett was 
r i g h t l y a c c r e d i t e d the d i s c o v e r y , f o r he not only 
c o r r e c t l y i n t e r p r e t e d the p r o c e s s , .but u t i l i s e d i t as 
a p r a c t i c a l technique i n the l a b o r a t o r y ( 5 6 ) . 
V i r t u a l l y no f u r t h e r r e s e a r c h work was r e p o r t e d 
-for over 25 y e a r s , u n t i l Kuhn, W i n t e r s t e i n and 
Lederer took up the technique, i n the e a r l y 1930's. 
In 1941 Martin and Synge(57) p u b l i s h e d what i s 
now a bench mark paper, l a y i n g down the foundations 
of the theory of chromatography and i n 1952 r e c e i v e d 
the Nobel p r i z e f o r t h e i r work i n t h i s f i e l d . 
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They forsaw the development of both gas l i q u i d 
chromatography (GLC) and HPLC, f o r i n t h e i r paper 
they quoted, "thus the s m a l l e s t h e i g h t e q u i v a l e n t 
t h e o r e t i c a l p l a t e (HETP) should be o b t a i n a b l e by 
u s i n g very small p a r t i c l e s and a high p r e s s u r e 
d i f f e r e n c e a c r o s s the column". 
James and Martin became l e a d e r s i n the 
development of GLC, p u b l i s h i n g the f i r s t r e p o r t of a 
GLC i n 1952(58) and S t a h l ( 5 9 ) p u b l i s h e d h i s 
development of t h i n l a y e r chromatography (TLC) i n 
1965. By the mid 1960's GLC was f i r m l y e s t a b l i s h e d 
and i n t e r e s t renewed i n l i q u i d chromatography. The 
needs were to i n c r e a s e speed, e f f i c i e n c y of 
s e p a r a t i o n and s e n s i t i v i t y of d e t e c t o r s . T h i s 
i n v o l v e d a g r e a t d e a l of r e s e a r c h by notable workers 
( K i r k l a n d , Synder, Knox, e t c . ) and manufacturers 
a l i k e . I n r e c e n t y e a r s , 5 and 10 pm p a r t i c l e s i z e 
packings, together with the use of s h o r t column 
le n g t h s , have brought s e p a r a t i o n times down to 
seconds f o r c e r t a i n a p p l i c a t i o n s . Even so, one a r e a 
t h a t s t i l l eludes development i s t h a t of the 
u n i v e r s a 1 d e t e c t o r . 
1.11 Chromatographic Parameters. 
To a p p r e c i a t e the i n f l u e n c e t h a t chromatographic 
parameters have upon s e p a r a t i o n p r o c e s s e s , a t t e n t i o n 
to the b a s i c theory of l i q u i d chromatography i s 
r e q u i r e d . 
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The s e p a r a t i o n and r e s o l u t i o n of a 
chromatographic peak i s i n f l u e n c e d by a number of 
f a c t o r s , the c o n t r o l of which can lead to b e t t e r 
chromatograms. There are four p r i n c i p a l v a r i a b l e s i n 
a chromatogram:-
a) r e s o l u t i o n of components; 
b) Speed of a n a l y s i s ; 
c) s e n s i t i v i t y ; 
d) r e p r o d u c i b i l i t y . 
S e n s i t i v i t y i s dependent p r i m a r i l y on the 
d e t e c t o r , although the peak shape can play an 
important p a r t . R e p r o d u c i b i l i t y i s l a r g e l y a 
combination of good technology of the hardware and 
manipulative s k i l l - The f i r s t two, r e s o l u t i o n and 
speed, are i n t e r e l a t e d , and a r e l i m i t e d by t h e o r e t i c a l 
and p r a c t i c a l a s p e c t s of the system under a n a l y s i s . 
R e s o l u t i o n 
I f the chromatogram c o n t a i n s two components, 
t h e i r r e s o l u t i o n can be .determined from the 
chromatogram, by a p p l i c a t i o n of the f o l l o w i n g 
e x p r e s s i o n . 
Rs t r 2 - t r ^ 
Wl + W2 
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where Rs = R e s o l u t i o n 
t r l = R e t e n t i o n time of f i r s t peak 
tr2= R e t e n t i o n time of second peak 
Wl = Base l i n e peak width of f i r s t peak 
W2 = base l i n e peak width of second peak 
I f Rs < 1 then the peaks are not r e s o l v e d 
I f Rs > 1.5 peaks are r e s o l v e d and a base l i n e 
s e p a r a t i o n has been achi e v e d . 
E f f i c i e n c y 
P r i n c i p a l l y a measurement of the d i f f u s i o n and 
mass t r a n s f e r p r o c e s s e s s t h a t occur between component 
and column m a t e r i a l . The more e f f i c i e n t a column the" 
l e s s a sample p a s s i n g through i t w i l l spread out. The 
e f f i c i e n c y ( N ) i s expressed as the r a t i o of r e t e n t i o n 
time to peak width, by the formula:-
2 N ' t r " 
W 
Retention time 
The r e t e n t i o n time of a sample i s r e l a t e d to the 
c a p a c i t y f a c t o r k' of t h a t sample. 
k' i s r e l a t e d to the d i s t r i b t i o n r a t i o ( D ) of the 
sample by the e x p r e s s i o n : -
D = Sample c o n c e n t r a t i o n i n s t a t i o n a r y phase 
Sample c o n c e n t r a t i o n i n mobile phase 
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I f the s o r p t i o n isotherm.- i s l i n e a r • i . e . the 
d i s t r i b u t i o n between the two phases i s l i n e a r , D i s 
independent of the t o t a l c o n c e n t r a t i o n of sample and 
t h e r e f o r e c a p a c i t y f a c t o r ( k ' ) may be w r i t t e n a s : -
k' = t r - t o = D Vs = D X c o n s t a n t 
to Vm 
to = r e t e n t i o n time of an u n r e t a i n e d sample ( i . e . the 
s o l v e n t f r o n t ) . 
t r = r e t e n t i o n time of the r e t a i n e d s p e c i e s -
k' i s thus independent of the flow r a t e and 
depends only on the sample and the column. 
The r e l a t i v e s e p a r a t i o n of two samples i s thus 
the c a p a c i t y r a t i o 
Using these equations the e x p r e s s i o n f o r the 
r e s o l u t i o n can be r e w r i t t e n . 
4-
Where N i s the e f f i c i e n c y of the column 
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I n order f o r the s e p a r a t i o n to occur the 
f o l l o w i n g c r i t e r i a must be met. 
i ) The e f f i c i e n c y must be s i g n i f i c a n t . 
i i ) o< must not be 1 i . e k£ = k2/ (the compounds must 
not c o - e l u t e ) . 
i i i ) k'^  and k2 must not be zero i . e . they must 
have some i n t e r a c t i o n w i t h the column and not s i t on 
the top of the column. For p r a c t i c a l s e p a r a t i o n s k' 
should be >1 and <8. 
H.E.T.P. 
In order to be abl e to compare packings 
independent of the length of column, the e x p r e s s i o n 
h e i g h t eqidvalent to a t h e o r e t i c a l p l a t e (HETP) i s used 
H = L " 
- N 
Where H = HETP 
L = column length 
N = column e f f i c i e n c y 
s i n c e H v a r i e s w ith s i z e of p a r t i c l e s , Giddings 
proposed the use of reduced p l a t e h e i g h t , which takes 
account of the diameter of p a r t i c l e s . 
h =_H 
dp 
dp= diameter of p a r t i c l e s 
27 
Hence H and h are the c o n v enient ways to compare 
the e f f i c i e n c y of d i f f e r e n t types of packing as w e l l 
as changes i n flow r a t e , column s i z e e t c . 
Thus i t can be seen t h a t r e s o l u t i o n i s a 
f u n c t i o n of s e l e c t i v i t y , r e t e n t i o n time and 
e f f i c i e n c y of the column, these parameters being 
i n f l u e n c e d by the c a p a c i t y , shape and p a r t i c l e s i z e 
of the column m a t e r i a l . Low c a p a c i t y m a t e r i a l s 
g e n e r a l l y g i v e small c a p a c i t y r a t i o and can r e s u l t 
i n poor r e s o l u t i o n and column o v e r l o a d i n g ( u s u a l l y 
i n d i c a t e d by peak f r o n t i n g ) - Band (sample) 
broadening p r o c e s s e s a r e r e l a t e d to u n i f o r m i t y and 
p a r t i c l e s i z e , w ith major c o n t r i b u t i o n s o c c u r r i n g from 
eddy d i f f u s i o n , molecular d i f f u s i o n and mass t r a n s f e r 
p r o c e s s e s . Hence smal l diameter s p h e r i c a l p a r t i c l e s 
g i v e r a p i d mass t r a n s f e r , r e s u l t i n g i n h i gher 
e f f i c i e n c y and b e t t e r r e s o l u t i o n . 
1.12 Review of Trace Metal A n a l y s i s by HPLC-
I t was only during the 1970's t h a t the 
development of HPLC techniques f o r metal ion a n a l y s i s 
was t r u l y i n v e s t i g a t e d . At the time i t was not 
c o n s i d e r e d as a s e r i o u s contender to e l e c t r o c h e m i c a l 
or atomic s p e c t r o s c o p i c methods, although, as the 
reviews by Schwedt(60) and F r i t z ( 6 1 ) r e v e a l e d , i t 
was a period of growth^ tx f a c t which was made even 
more apparent by N i c k l e s s r e v i e w ( 6 2 ) . 
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The review of the a p p l i c a t i o n of the v a r i o u s types of 
chromatographic s e p a r a t i o n p r o c e s s e s s , was d i s c u s s e d 
under the f o l l o w i n g headings:-
1.12.1 Adsorption chromatography, 
1.12.2 P a r t i t i o n chromatography^ 
1.12.3 Ion-exchange chromatography -
1.12.1 Adsorption Chromatography 
S i l i c a g e l i s the most commonly used s t a t i o n a r y 
phase. I t i s h i g h l y p o l a r and i s t h e r e f o r e used i n 
the normal phase mode with medium to low p o l a r i t y 
mobile phases- Sin c e the m a j o r i t y of metal s p e c i e s 
w i l l be i n the i o n i c form and t h e r e f o r e not s o l u b l e 
i n the non-polar e l u e n t , d e r i v a t i s a t i o n i s r e q u i r e d 
to produce non-polar compounds, followed by s o l v e n t 
e x t r a c t i o n t e c h n i q u e s . W h i l s t s o l v e n t e x t r a c t i o n 
makes the a n a l y s i s more i n v o l v e d , i t i s advantageous 
s i n c e i t a l l o w s p r e c o n c e n t r a t i o n and matrix i s o l a t i o n 
of the sample. 
One of the e a r l i e s t HPLC s e p a r a t i o n s i n v o l v e d 
the use of metal a c e t y l a c e t o n a t e d e r i v a t i v e s ( 6 3 ) . 
T o l l i n c h e ( 6 4 ) reported the s e p a r a t i o n of d i - and t r i -
v a l e n t metals as t h e i r b e t a - d i k e t o n a t e s . D i t h i z o n e 
and d i e t h y l d i t h i o c a r b a m i c c h e l a t e s , form a l a r g e 
number of complexes with high a d s o r p t i v i t i e s and 
have r e c e i v e d e x t e n s i v e a t t e n t i o n (65,66). 
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D i t h i z o n a t e complexes of c o b a l t , copper, mercury 
and n i c k e l were separated on 30 Mm s i l i c a and 
Heizmann e t a l . a l s o reported on the complexation of 
c o b a l t , copper, and n i c k e l u s i n g the c h e l a t i n g agents 
1,2-diketo b i s t h i o s e m i c a r b a z o n e , 1/2- d i k e t o 
bisthiobenzhydrazone and d i a k y l d i t h i o c a r b a m a t e 
(67,68). L i s k a ( 6 9 ) separated e i g h t d i f f e r e n t d i e t h y l 
d i thiocarbamates on .a 10 \jm s i l i c a column i n twenty 
minutes, the e l u t i o n order of the s p e c i e s being:-
z i n c , managanese, n i c k e l , l e a d , chromium, c o b a l t , 
cadmium, i r o n . Recent p r a c t i c a l a p p l i c a t i o n s of 
adsorption chromatography were pr e s e n t e d by Edward-
I n a t i m i and D a l z i e l ( 7 0 ) , who s e p a r a t e d s i x metals as 
t h e i r d i e t h y l d i t h i o c a r b a m a t e s i n four minutes. Two 
y e a r s l a t e r (1983), they p u b l i s h e d a d e t a i l e d paper 
u t i l i s i n g both d i t h i z o n e and d i t h i o c a r b a m a t e 
complexes, i n which a number of methods were 
developed f o r the d e t e r m i n a t i o n of t r a c e metals i n 
p l a n t m a t e r i a l s , marine animals, waste water e f f l u e n t 
and n a t u r a l w a t e r s ( 7 1 ) . 
1-12.2 P a r t i t i o n chromatography 
P a r t i t i o n i s the mechanism whereby a s o l u t e 
d i s t r i b u t e s i t s e l f between two l i q u i d phases. Organic 
groups are c h e m i c a l l y bonded to the s u r f a c e s i l a n o l 
(Si-OH) groups of a s t a t i o n a r y phase s i l i c a . 
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producing e s s e n t i a l l y a very t h i n l i q u i d s t a t i o n a r y 
phase which combines the v e r s a t i l i t y of p a r t i t i o n 
w i th the high e f f i c e n c y and r a p i d mass t r a n s f e r of 
adso r p t i o n . A range of bonded phases can be used , 
from non-polar a l k y l groups w i t h carbon c h a i n lengths 
of C2-C18, to the p o l a r cyano amino groups. 
The mode of o p e r a t i o n can be e i t h e r normal or 
r e v e r s e phase. Reverse phase chromatography i s the 
term used to d e s c r i b e the s i t u a t i o n when the mobile 
phase i s more p o l a r than the s t a t i o n a r y phase. 
E x t e n s i v e use i s made of r e v e r s e phase chromatography 
using the a l y k l c h a i n bonded phases because they 
e x h i b i t good chemical s t a b i l i t y w i t h r e p r o d u c i b i l i t y . 
The h i g h l y p o l a r mobile phases, c o n s i s t of water and 
r e l a t i v e l y p o l a r o r g a n i c s o l v e n t s such as methanol 
and a c e t o n i t r i l e . R e t e n t i o n times r e f l e c t the 
p o l a r i t y of the e l u e n t , the more p o l a r the e l u e n t the 
more the hydrophobic complexes are r e t a i n e d on the 
column and hence s e p a r a t i o n depends upon the degree 
of p o l a r i s a t i o n of the d e r i v a t i s e d metal s p e c i e s . As 
demonstrated by the d e t e r m i n a t i o n of ^ -ketoamine and 
dithiocarbamate metal c h e l a t e s ( 6 2 ) . 
Bond & Wallace have c o n t r i b u t e d s i g n i f i c a n t l y to 
the a p p l i c a t i o n of r e v e r s e phase chromatography to 
t r a c e metal a n a l y s i s , both w i t h pre-column and i n -
s i t u complex f o r m a t i o n ( 7 2 - 7 5 ) . 
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Pre-column formation i n v o l v e s e i t h e r : -
( i ) e x t r a c t i o n of metal complex i n t o non-aqueous 
s o l v e n t , 
( i i ) a d d i t i o n of mobile phase to aqueous sample 
i n the presence of dithiocarbamate r e a g e n t , 
( i i i ) p r e c o n c e n t r a t i o n onto a s e p a r a t e column, 
followed by e l u t i o n w i t h a s m a l l volume of 
non-aqueous s o l v e n t . 
I n - s i t u complexation i n v o l v e s d i r e c t sample 
i n j e c t i o n i n t o the mobile phase which c o n t a i n s a 
low c o n c e n t r a t i o n of di t h i o c a r b a m a t e r e a g e n t ( 7 5 ) . 
Bond & Wallace concluded t h a t f o r the e x t e r n a l 
methods, ( i i ) was the most convenient but l e s s 
s e n s i t i v e , s i n c e the other procedures both i n v o l v e d a 
pr e c o n c e n t r a t i o n s t e p . Other workers have a l s o 
reported upon pre-column complex formation[Smith and 
Yankey(76), Smith(77) and Dinunzio e t a l ( 7 8 3 -
S t a b i l i t y d i f f i c u l t i e s have been encountered 
with c e r t a i n of the dithiocarbamate complexes. 
I c h i n o k i ( 7 9 ) reported t h a t t h i s i n s t a b i l i t y was 
a s s o c i a t e d with i n t e r a c t i o n of the complex with 
s t a i n l e s s s t e e l w i t h i n the HPLC system. He d e s c r i b e d 
the formation of s t a b l e c h e l a t e s with hexamethylene 
ammonium-hexamethylene dithiocarbamate (HMA-HMDC), 
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concluding t h a t these metal c h e l a t e s gave an enhanced 
s e n s i t i v i t y and showed no s i g n s of d e t e r i o r a t i o n upon 
prolonged c o n t a c t w i t h s t a i n l e s s s t e e l . S h i h and 
C a r r ( 8 0 ) a l s o commented upon the e f f e c t s of s t a i n l e s s 
s t e e l components on the s t a b i l i t y of the metal 
c h e l a t e s . I n v e s t i g a t i o n i d e n t i f i e d the major cause of 
i n s t a b i l i t y to be due to i n t e r a c t i o n of the complex 
with the s i n t e r e d s t a i n l e s s s t e e l f r i t s used as 
column bed supports. They recommended the replacement 
of the s i n t e r e d f r i t s w i t h s t a i n l e s s s t e e l mesh 
f r i t s . They developed a technique to s i l a n i s e the 
f r i t s (81) i n order to f u r t h e r reduce the e f f e c t s of 
s t a i n l e s s s t e e l , but f o l l o w i n g long term s t a b i l i t y 
t r i a l s concluded t h a t the. technique was not as 
s u c c e s s f u l as o r i g i n a l l y r e p o r t ed and r e q u i r e d 
f u r t h e r development(82). During t h e i r work, they have 
a l s o observed chemisorption onto uncapped s i t e s on 
the bonded phase(64,80) and comment t h a t t h i s i s an 
i n d i c a t i o n t h a t s e p a r a t i o n may i n v o l v e both 
p a r t i t i o n and a d s o r p t i o n mechanisms. To date 
f o u r t e e n metals have been s e p a r a t e d using 
dithiocarbamate, with up to nine s p e c i e s being 
separated i n one i n j e c t i o n ( 7 5 ) . 
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1.12.3 Ion-exchange chromatography 
The use of ion-exchange chromatography (lEC) f o r 
in o r g a n i c separations, has been w e l l e s t a b l i s h e d f o r 
over 40 years, f o l l o w i n g the sy n t h e s i s i n 1935 p f a 
sulphonated phenol-formaldehyde r e s i n . I t was because 
of i n tense . i n t e r e s t i n l a n t h a n i d e and a c t i n i d e 
chemistry d u r i n g the e a r l y 1940's, t h a t a tremendous 
development i n ion-exchange techniques took p l a c e . By 
the e a r l y f i f t i e s v i r t u a l l y a l l the elements had been 
separated and documented, i n c l u d i n g the notable 
separations by Seaborg and M c M i l l i a n of the 
transuranium elements i n 1951, r e c e i v i n g t h e Nobel 
p r i z e f o r t h e i r d i s c o v e r i e s ( 83). 
The development of high e f f i c i e n c y ion-exchange 
m a t e r i a l s has r e v o l u t i o n i s e d metal d e t e r m i n a t i o n s by 
ion-exchange chromatography- Numerous books have 
since been published(68,78), d e t a i l i n g many of these 
c l a s s i c a l ion-exchange methods, f o r which t h e r e i s 
considerable p o t e n t i a l f o r a p p l i c a t i o n i n HPLC. The 
1970's saw the use of ion-exchange separations by 
HPLC, although mainly f o r organic compounds- However, 
work d i d continue s t e a d i l y i n i n o r g a n i c s e p a r a t i o n s , 
although a t a somewhat q u i e t e r pace. 
I t was dur i n g the development of f o r c e d flov; 
systems, t h a t a p a r a l l e l technique known as Ion 
Chromatography (IC) was f i r s t d e scribed (38) . 
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I n recent years the d i s t i n c t i o n between HPLC 
ion-exchange and IC has become somewhat ' b l u r r e d ' . 
I n i t i a l l y IC was developed f o r the d e t e r m i n a t i o n of 
anions by the use o f low c a p a c i t y ion-exchange r e s i n s 
w i t h c o n d u c t i m e t r i c d e t e c t i o n . The technique was 
marketed by Dionex who coined the phrase Ion 
Chromatography, since i t was d i s t i n c t from HPLC i o n -
exchange used f o r s e p a r a t i n g c a t i o n s . L a t e r on the 
low c a p a c i t y ion-exchange r e s i n s developed by Dionex 
were used f o r c a t i o n separations f o l l o w e d by post-
column r e a c t i o n w i t h s p e c t r o p h o t o m e t r i c d e t e c t i o n . 
Since the column e f f i c i e n c i e s exceeded 10,000 p l a t e s , 
Dionex termed' the phrase high performance i o n 
chromatography (HPIC)- Many authors using 
conventional HPLC hardware, w i t h low c a p a c i t y i o n -
exchange packings s e p a r a t i n g metal ions w i t h 
spectrophotometric d e t e c t i o n , have r e f e r r e d t o the 
technique as i o n chromatography, c r e a t i n g a 
vague- d i s t i n c t i o n between HPLC and HPIC. 
By f a r the most used c a t i o n exchangers i n HPLC 
have been the organic polymer ion-exchangers, 
prepared by sulphonating the benzene r i n g of a 
poly s t y r e n e - d i v i n y I b e n z e n e (DVB) copolymer. V a r i a t i o n 
i n the c o n c e n t r a t i o n of DVB provides d i f f e r i n g 
degrees of c r o s s l i n k a g e between the s t r a i g h t c hain 
p o l y s t y r e n e molecules. 
35 
The more the c r o s s l i n k a g e the g r e a t e r the r i d i g i t y of 
the exchanger, but the slower the d i f f u s i o n of i o n s , 
w i t h the p o s s i b i l i t y of e x c l u s i o n f o r l a r g e r i o n s . 
The m a j o r i t y of metal ions have been separated 
by use of these exchangers a t one time or another* 
E l u t i o n of metals being performed w i t h e l u e n t s such 
as a c e t a t e , ammonium c h l o r i d e ( 8 4 ) , c i t r a t e ( 8 5 ) , and 
malonate(86). 
T r a n s i t i o n metal separations have been 
i n v e s t i g a t e d by using malate and su c c i n a t e e l u e n t s 
(87, 88). The use of c><-hydroxy i s o b u t y r i c a c i d («5C-
HIBA) was used f o r the s e p a r a t i o n of f i f t e e n 
lanthanides (89) and f o u r a l l c a l i n e e a r t h Metals (90). 
Mineral acids which had been used e x t e n s i v e l y i n 
low performance open column chromatography gave 
problems of c o r r o s i o n of the metal components of the 
HPLC system ( a problem which i s p a r t i c u l a r l y c r i t i c a l 
f o r u l t r a - t r a c e metal d e t e r m i n a t i o n s ) - These were 
s u b s t i t u t e d by organic acids and sepa r a t i o n s of the 
h i g h l y charged c a t i o n s , T i ( I V ) , Nb(V), V(V) and 
F e ( I I I ) p r e v i o u s l y achieved using minerals a c i d s , 
were separated w i t h c i t r i c a c i d , t a r t a r i c a c i d , 
o x a l i c and for m i c a c i d e l u e n t s (91). F r i t z and 
Story(92) demonstrated the c a p a b i l i t i e s of low 
capa c i t y m a c r o r e t i c u l a r r e s i n s and f o r c e d f l o w 
systems by a number of bi n a r y metal and multi-element 
separations. 
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Takata & F u j i t a ( 9 3 ) showed the p o t e n t i a l f o r the use 
of organic e l u e n t s s e p a r a t i n g s i x metals i n under two 
minutes, using a s t r o n g c a t i o n ion-exchange 
r e s i n ( H i t a c h i No.2611 SCX). They i n v e s t i g a t e d the 
e f f e c t s of c r o s s l i n k a g e of the r e s i n , e l u e n t pH, 
optimum column temperatures and the e f f e c t o f adding 
sodium c h l o r i d e t o the e l u e n t . The a d d i t i o n of 
ethylenediamine t o organic e l u e n t s was demonstrated 
r e c e n t l y (94), speeding up the e l u t i o n of the more 
h i g h l y r e t a i n e d c a t i o n s , as w e l l as i n c r e a s i n g 
s e n s i t i v i t y and r e s o l u t i o n of metal species-
The performance of the e l u e n t s c i t r a t e , 
t a r t r a t e , l a c t a t e and «-HIBA was i n v e s t i g a t e d on a 
l i g h t l y sulphonated s t r o n g c a t i o n exchange (SCX) 
column, by comparing the r e t e n t i o n times of the 
f o l l o w i n g metal ions B i , Cd, Co, Cu, F e ( I I ) , F e ( I I I ) , 
Pb, Mn, N i , and Zn (95). Takata r e p o r t e d on the 
i n v e s t i g a t i o n o f d i f f e r e n t column packing m a t e r i a l s 
( H i t a c h i SCX, P a r t i s i l , Nuceosil and Aminex A5), 
using l a c t a t e and o(-HlBA e l u e n t s , by comparing the 
r e t e n t i o n times of 16 l a n t h a n i d e s ( 9 6 ) . 
More r e c e n t l y work has focused upon the 
o p t i m i s a t i o n of pH and c o n c e n t r a t i o n of e l u e n t s , 
f a c t o r s which are dependent upon the number, type and 
charge of the metal species being separated. 
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To date the most impressive s e p a r a t i o n of the 
lanthanides has been r e p o r t e d by Wang e t al.(97) , 
a c h i e v i n g a t o t a l s e p a r a t i o n , w i t h complete 
r e s o l u t i o n of the metals i n twenty f i v e minutes. The 
l a r g e s t number of o t h e r metal species separated i n 
one i n j e c t i o n was t h i r t e e n , t a k i n g f o r t y minutes f o r 
complete r e s o l u t i o n . The metal species separated were 
Ba, Ca, Cd, Co, Cu, F e ( I I ) , F e ( I I I ) , Mg, Mn, N i , Pb, 
Sn, and Zn (98). 
The a p p l i c a t i o n of anion exchange m a t e r i a l s has 
found l i t t l e use f o r metal s e p a r a t i o n s , although a 
lov/ c a p a c i t y anion exchanger was used t o separate 
chromate, molybdate, t u n g s t a t e and arsenate anions 
using a sodium carbonate/potassium hydroxide 
e l u e n t ( 9 9 ) - Also organoarsenic and i n o r g a n i c a r s e n i c , 
C r ( I I I ) and Cr(IV) have been separated(100) . 
Cassidy and Eluchuk (1-01) , Schmidt and S c o t t (52), 
were able t o modify a reverse phase m a t e r i a l t o a c t 
as a c a t i o n exchanger- This technique c a l l e d 
dynamic m o d i f i c a t i o n , has considerable p o t e n t i a l t o 
c o n t r o l the ion-exchange c a p a c i t y of the column, t o 
s u i t the d e sired requirements f o r a n a l y s i s -
F i n a l l y , microbore chromatography, which o f f e r s 
the advantages of less s o l v e n t and packing m a t e r i a l , 
has been used t o separate s i x t e e n l a n t h a n i d e s , 
u t i l i s i n g both post-column radiochemical and 
spectrophotometric d e t e c t i o n (89,102). 
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1.13 Review of Inorganic Ion-Exchangers 
The f i r s t observed ion-exchange process occurred 
on a n a t u r a l l y o c c u r r i n g i n o r g a n i c ion-exchanger as 
has already been mentioned ( 5 5 ) . Equally the f i r s t 
s y n t h e t i c ion-exchanger was a l s o an i n o r g a n i c 
m a t e r i a l , the z e o l i t e ( p e r m u t i t e ) , used i n water 
s o f t e n i n g processes(103). E a r l y organic r e s i n s were 
d i f f i c u l t t o produce, p o o r l y d e f i n e d and d i d not have 
r e p r o d u c i b l e ion-exchange p r o p e r t i e s . The a b i l i t y t o 
c o n t r o l the manufacture of a p o l y s t y r e n e s p h e r i c a l 
bead, r e s u l t e d i n a r a p i d growth i n the development 
of organic ion-exchange r e s i n s ( 1 0 4 ) . The r e s i n s 
produced were of known chemical composition, 
c o n t r o l l e d p a r t i c l e s i z e and r e p r o d u c i b l e i o n -
exchange p r o p e r t i e s . These p r o p e r t i e s allowed a much 
more r a p i d i o n exchange process t o occur, and 
development of organic r e s i n s was very much a t the 
expense of i n o r g a n i c ion-exchangers. 
Most i n t e r e s t i n i n o r g a n i c ion-exchange 
a p p l i c a t i o n s , has focused upon a c t i v a t e d alumina and 
s i l i c a g e l , because of t h e i r a b i l i t y t o act as 
substr a t e s f o r a d s o r p t i o n & p a r t i t i o n chromatography 
(69,75). Their own ion-exchanger p r o p e r t i e s were 
somewhat neglected, due mainly t o the e x c e l l e n t 
a n a l y t i c a l and commercial p r o p e r t i e s t h a t the organic 
r e s i n s possessed. I n s p i t e of t h e i r poorer a n a l y t i c a l 
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performance i n o r g a n i c i o n exchangers might be very 
u s e f u l as p r e c o n c e n t r a t i o n columns a t PWR ambient 
conditions(300°C and 2200psi). I n t h i s regard organic 
r e s i n s have two major disadvantages f o r t h e i r 
a p p l i c a t i o n i n s i t u i n PWR primary c o o l a n t . 
( i ) They are t h e r m a l l y unstable a t temperatures i n 
excess of ISO^C. 
( i i ) Tend t o breakdown i n the presence of l a r g e 
c o n c e n t r a t i o n s of i o n i s i n g r a d i a t i o n . 
For these reasons there has been a resurgence of 
i n t e r e s t i n i n o r g a n i c exchangers, since they are 
p a r t i c u l a r l y s t a b l e t o both high temperatures and 
l a r g e doses of i o n i s i n g radiation(105,106,107) . 
I n t e r e s t has also focused on these exchangers 
because they possess other advantages over t h e i r 
organic r e s i n c o u n t e r p a r t s . Production i s cheaper and 
less complicated, they undergo l i t t l e or no s w e l l i n g 
upon immersion i n aqueous s o l u t i o n , are more 
s e l e c t i v e f o r c e r t a i n ions or groups of ions and many 
o f f e r r e s i s t a n c e t o s t r o n g o x i d i s i n g agents. T h e i r 
main disadvantages being t h a t they are g e n e r a l l y of 
lower c a p a c i t y and have a lower r e s i s t a n c e t o a t t a c k 
by acids and bases(108). 
During the past t h i r t y years a number of reviews 
and books have been p u b l i s h e d . The book by Amphlett 
(106) and review by Churms (109) covered the p e r i o d 
upto 1965. Vesely and Pekarek(llO) wrote a review 
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f o l l o w i n g on from Churms review, c o v e r i n g the years 
1965 - 197D. F u l l e r d O ? ) published a review on i o n -
exchange chromatography on oxides and hydrous oxides 
i n 1971, De and S e n ( l l l ) covered the years 1970 -
1976. The most recent reviews v/ere by Hooper e t a l . 
1984(112) and C l e a r f i e l d e t al,(113) 1984 . 
The v a r i o u s types of i n o r g a n i c ion-exchangers, 
both n a t u r a l l y o c c u r r i n g and s y n t h e t i c , may be 
broadly c l a s s i f i e d i n t o the f o l l o w i n g groups :-
i ) N a t u r a l l y o c c u r r i n g z e o l i t e s , c l a y s and s o i l s e t c . 
i i ) Hydrated metal oxides, eg t i t a n i u m d i o x i d e . 
i i i ) I n s o l u b l e s a l t s of p o l y v a l e n t metals, eg 
t i t a n i u m phosphate. 
i v ) I n s o l u b l e s a l t s of h e t e r o p o l y a c i d s , eg ammonium 
molybdophosphate. • 
v) Complex s a l t s based on i n s o l u b l e f e r r o c y a n i d e s , eg 
sodium copper hexacyanoferrate (11) . 
v i ) S y n t h e t i c z e o l i t e s , eg p e r m u t i t e s . 
Of these groups, most i n t e r e s t has been centred 
upon groups ( i i ) & ( i i i ) of which t h e r e i s l i t e r a l l y 
hundreds to chose from. Workers have shown t h a t 
weakly a c i d i c metal s a l t s of phosphates, double s a l t s 
and the hydrous oxides of Zr and T i are the most 
promising (124). Consequently t h i s review w i l l 
c oncentrate p r i m a r i l y on the a n a l y t i c a l a p p l i c a t i o n 
of these types of exchangers as p r e c o n c e n t r a t o r s , , 
f o r c a t i o n removal from both low and high temperature 
and h i g h l y i o n i s i n g water c o o l a n t systems. 
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The s e p a r a t i o n of a number of t r a n s i t i o n metal 
c a t i o n s a t room temperature has been achieved on a 
wide v a r i e t y of hydrous oxides, e x h i b i t i n g amphoteric 
p r o p e r t i e s dependent upon the pH of the medium. Vydra 
& Galba separated Mn, Co and Zn on a hydrous oxide 
column, using a mineral a c i d w i t h a pH 6-6.5 as 
e l u e n t , under which c o n d i t i o n s Ni and Cu c o - e l u t e d 
(114). The same metals v/ere a l s o separated on a SnO 2 
exchanger(115) . G i r a r d i e t a l . a l s o i n the l a t e 60's, 
demonstrated a b i n a r y s e p a r a t i o n of c o b a l t and n i c k e l 
on a Mn02 exchanger ( 1 1 6 ) ) . G i r a r d i and Sabbioni a 
year l a t e r (1970), separated the t r a n s i t i o n metals 
Fe, Co, Cu and Zn from a mixture of Na, K, Rb, Cs, 
Fe, Co, Cu and Zn on a Sh^O^ column, the a l k a l i 
metals being r e t a i n e d on the column(117)- A number of 
other metal hydrous oxide columns have been used f o r 
separations B i ( 1 1 8 ) , C r ( 1 1 9 ) , Fe(120,121), Ce(122), 
W(123), Ti(124,127) and Zr(125,126,127). 
Tewari and Lee(128) i n v e s t i g a t e d the a b s o r p t i o n 
of c o b a l t ( I I ) on Ti02f Zr02/ Al^O^ and NiFe20^ a t 
temperatures up t o 200°C, concluded i n t h i s key paper 
t h a t t i t a n i u m d i o x i d e had the best c o b a l t a d s o r p t i o n 
capacity- F u j i t a e t a l . c o n t i n u i n g t h i s work, 
determined the c a p a c i t y and s e l e c t i v i t y of Ti02 a t 
280°C (129 , 130), also r e p o r t i n g on Co^ "^  a d s o r p t i o n on 
a column of t i t a n i u m d i o x i d e supported on an alumina 
s u b s t r a t e ( 1 3 1 ) . 
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Varshney e t a l , t h r o u g h l y i n v e s t i g a t e d a 
considerable number of a c i d i c s a l t s and double s a l t s , 
t i n ( I V ) tungsate(132) , antimony s i l i c a t e (133), 
t i n ( I V ) and chromium(IID arsenophosphates(134), 
zirconium(IV) a r s e n o s i l i c a t e ( 1 3 5 ) , z i r c o n i u m ( I V ) and 
t i t a n i u m ( I V ) arsenophosphates(136), r e p o r t i n g on 
t h e i r s t a b i l i t y , c omposition, ion-exchange behaviour 
and a number of b i n a r y separations They r e p o r t e d a 
separ a t i o n of Fe^"^ and Fe^*^ on a z i r c o n i u m (IV) 
arsenophosphate column using potassium t h i o c y a n a t e as 
a complexing agent(137). Ahrland and Carleson 
re p o r t e d on the p u r i f i c a t i o n of water a t e l e v a t e d 
temperatures using zirconium phosphate(138) and Naqvi 
e t a l . separated a number of f i s s i o n products on a 
t i t a n i u m p h o s p h o - s i l i c a t e column(139). Tandon & Singh 
have also i n v e s t i g a t e d a number of double and s i n g l e 
s a l t s , concluding t h a t double s a l t s have a g r e a t e r 
chemical s t a b i l i t y and r e g e n e r a t i v e power(140). 
Venkataramani and Venkateswarlu i n v e s t i g a t e d 
c l a y s , c l a y m i n e r a l s , s y n t h e t i c z e o l i t e s and 
a l u m i n o s i l i c a t e s (141) . Their s t u d i e s showed t h a t 
s i l i c o n and perhaps aluminium, was released upon 
exposure t o water a t almost any pH except t h a t of 
n e u t r a l water. Consequently they have* no r e a l 
a p p l i c a t i o n i n hot water p u r i f i c a t i o n systems. 
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Barrer e t a l . s t u d i e d t r a n s i t i o n metal 
exchanges i n z e o l i t e s and observed t h a t the ammonium 
ion was the most s u i t a b l e c o u n t e r i o n t o exchange 
w i t h . Work a t room temperature and low pH, showed 
t h a t 70% exchange occurred (142). They a l s o r e p o r t e d 
t h a t the more s i l i c e o u s the z e o l i t e the less favoured 
i s the exchange of the sodium form by the c a t i o n s Co, 
N i , Cu & Zn and t h e r e f o r e the r e p r o d u c i b i l i t y of the 
s i l i c a content from batch t o batch could present 
problems. V a r i a b l e exchange i n z e o l i t e s , was a l s o 
observed by Hocevar and Drzaj • (143), who r e l a t e d i t 
t o temperature dependence of i o n - d i p o l e i n t e r a c t i o n s . 
1.14 High Performance L i q u i d Chromatography 
Detectors. 
C u r r e n t l y , the best and most r e l i a b l e HPLC 
de t e c t o r s are s p e c t r o p h o t o m e t r i c , f l u o r e s c e n c e and 
e l e c t r o c h e m i c a l d e t e c t o r s . However, the mobile phase 
c o n d i t i o n necessary t o ensure good chromatography, 
g e n e r a l l y gives poor d e t e c t i o n p r o p e r t i e s a t t r a c e 
l e v e l s . A number of approaches may be adopted i n 
order t o overcome t h i s and there has been 
considerable advances made i n the f i e l d of post-
column (PC) r e a c t i o n d e c t e c t o r s , sometimes r e f e r r e d 
t o as chemical r e a c t i o n d e t e c t o r s or post-column 
d e r i v i t i z a t i o n . 
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For PC r e a c t i o n the column e f f l u e n t i s mixed 
w i t h a s u i t a b l e reagent, or undergoes some change, 
forming a species w i t h p r o p e r t i e s more amenable t o 
s e n s i t i v e d e t e c t i o n - Other approaches i n v o l v e t h e 
cou p l i n g of the column e f f l u e n t t o ot h e r d e t e c t o r s , 
such as atomic a b s o r p t i o n , i n d u c t i v e l y coupled 
plasma, mass spectrometers e t c . , thus p r o v i d i n g the 
o p p o r t u n i t y f o r s p e c i a t i o n w i t h s e n s t i t i v e d e t e c t i o n 
techniques. The main disadvantages of such c o u p l i n g 
techniques are c a p i t a l c o s t , a p p l i c a t i o n t o r o u t i n e 
a n a l y s i s , v e r s a t i l i t y of d e t e c t i o n and compactness 
and m o b i l i t y of equipment (an HPLC system can e a s i l y 
be adapted t o operate " i n the f i e l d " , r a t h e r than 
having t o b r i n g samples back t o the l a b o r a t o r y ) . 
Comprehensive disc u s s i o n s of these techniques 
and other d e t e c t o r s such as photoacoustic(144) , 
ra d i o c h e m i c a l ( 8 9 ) , e t c . , have been reviewed by 
White(37), and others{27,144). Therefore t h i s review 
w i l l focus on those d e t e c t o r s most commonly used f o r 
HPLC and the a p p l i c a t i o n of PC r e a c t i o n t o achieve 
s e n s i t i v e l e v e l s of d e t e c t i o n . 
1.14.1 Electrochemical d e t e c t o r s . 
I n e l e c t r o c h e m i c a l d e t e c t i o n the column e f f l u e n t 
i s measured f o r one of the f o l l o w i n g parameters:- ( i ) 
c u r r e n t ( v o l t a m e t r i c ) , ( i i ) v o l t a g e ( p o t e n t i o m e t r i c ) 
and ( i i i ) r e s i s t a n c e ( c o n d u c t i m e t r i c ) . 
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1.14.1(i) V o l t a m e t r i c D e t e c t o r s . 
These may be sub-divided i n t o amperometric and 
c o u l o m e t r i c d e t e c t o r s . The p r i n c i p l e of o p e r a t i o n of 
these d e t e c t o r s , i s the e l e c t r o l y s i s of e l e c t r o a c t i v e 
species i n t o c o n s i t u e n t products. E l e c t r o l y s i s i s 
achieved by c o n t r o l l i n g the p o t e n t i a l a p p l i e d . 
Amperometric d e t e c t o r s are the most wi d e l y used, 
c o n v e r t i n g about 1-10% of the e l e c t r o a c t i v e species 
i n t o product. Bond & Wallace using amperometric 
o x i d a t i o n and r e d u c t i o n , obtained d e t e c t i o n l i m i t s 
between 5-50 ng f o r 10^1 i n j e c t i o n s of the f o l l o w i n g 
metal species Cu, N i , C r ( I I I ) and (IV) (72-75). 
S p e c i a t i o n i n v e s t i g a t i o n s of organo-lead, organo-
mercury and o r g a n o - t i n , w i t h absolute d e t e c t i o n 
l i m i t s f o r some species of O.lng, have a l s o been 
rep o r t e d (145). 
Coulometric d e t e c t o r s , although c o n v e r t i n g 100% 
of the e l e c t r o a c t i v e species i n t o product are less 
popular, having lower s e n s i t i v i t y , and are more 
d i f f i c u l t and demanding t o operate. Despite the 
drawbacks Takata and co-workers have shown t h a t 
coulometry i s s u i t a b l e f o r the d e t e r m i n a t i o n of metal 
ions (93,96,146,). They used a coulometric d e t e c t o r 
f o r the o n - l i n e a n a l y s i s of a b o i l i n g water r e a c t o r 
coolant system(146), w i t h an absolute d e t e c t i o n l i m i t 
of approximately 5ng f o r the f o l l o w i n g species Ce, 
Co, F e ( l l ) , F e ( l l l ) , Mn, Pb, and Sn. 
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1.14.1 ( i i ) P o t e n t i o m e t r i c Detectors 
Very l i t t l e a p p l i c a t i o n of t h i s type of d e t e c t o r 
has been used f o r metal i o n s , as a review by White 
i n d i c a t e d ( 3 7 ) . Hadded e t a l , (147,148) developed a 
copper e l e c t r o d e c e l l f o r i n d i r e c t p o t e n t i o m e t r i c 
d e t e c t i o n and although having the c a p a b i l i t y t o 
determine a range of metal species, d i f f i c u l t i e s 
p e r s i s t which hinder the o p t i m i s a t i o n of d e t e c t o r 
performance. 
1-14.1 ( i i i ) C o n d u c t i v i t y Detectors 
These d e t e c t o r s measure the conductance of 
e l e c t r i c i t y i n s o l u t i o n . Small, Stevens and Baumann 
(38) i n 1975, described and patented what was then a 
novel d e t e c t o r , capable of c o n t i n u o u s l y m o n i t o r i n g a 
f l o w i n g stream, hence i d e a l l y s u i t e d t o l i q u i d 
chromatography and has now become the main d e t e c t o r 
f o r ion chromatography- Numerous a p p l i c a t i o n s have 
been re p o r t e d and reviews by Schwedt(60), F r i t z ( 6 1 ) , 
Nickless(62) and Small(149), o u t l i n e the p r i n c i p l e s 
i n v o l v e d and provide e x c e l l e n t source r e f e r e n c e s . 
The basic p r i n c i p l e i s based on a suppressor 
column placed downstream of the a n a l y t i c a l column. 
The suppressor column reduces the e l u e n t c o n d u c t i v i t y 
and converts the sample ions i n t o a common i o n i c 
form, enhancing t h e i r conductance response r e l a t i v e 
t o the e l u e n t . 
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The d e t e c t o r i s p a r t i c u l a r l y s u i t e d t o i n o r g a n i c 
anions, although a p p l i c a t i o n s have extended the 
de t e c t o r f o r c a t i o n a n a l y s i s by the d e t e r m i n a t i o n of 
metals as a n i o n i c complex ions and metal 
ions(94,150), w i t h absolute .detection l i m i t s of Ipg-
Molner e t al( 1 5 1 ) was able t o inc r e a s e the 
s e n s i t i v i t y t e n - f o l d , by an improved design but t h i s 
i s s t i l l a r e l a t i v e l y poor d e t e c t o r response f o r 
metal ions compared t o an amperometric or 
spectophotometric d e t e c t o r -
1.14.2 Spectrophotometric Detectors 
Spectrophotometric d e t e c t o r s o f f e r a wide choice 
of d e t e c t o r t o the a n a l y s t . The most f r e q u e n t l y used 
f o r HPLC are molecular a b s o r p t i o n d e c t e c t o r s . 
Molecular emission (fluorescence) d e t e c t o r s are also 
used, although w i t h f a r fewer a p p l i c a t i o n s . 
1.14.2.1 Molecular Absorption Detectors 
Molecular a b s o r p t i o n d e t e c t o r s are used 
e x t e n s i v e l y i n HPLC a p p l i c a t i o n s , they are very 
s e n s t i t i v e , w i t h t y p i c a l noise l e v e l s of ±0.0005 
absorbance. Since few metal compounds are able 
t o absorb very s t r o n g l y i n the u v - v i s r e g i o n , 
s e n s i t i v i t y i s increased by r e a c t i n g the metals w i t h 
an organic c h e l a t i n g reagent, e i t h e r b e f o r e ( p r e - ) or 
a f t e r ( p o s t - ) the a n a l y t i c a l column. 
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1.14.2.1(1) Pre-colunn Reaction 
As has already been discussed pre-column 
r e a c t i o n s e x p l o i t the p h y s i c a l p r o p e r t i e s of the pre-
formed metal c h e l a t e t o enhance both s e p a r a t i o n and 
d e t e c t i o n . The dithiocarbamates have been the most 
st u d i e d w i t h absolute d e t e c t i o n l i m i t s of 0.5ng f o r 
most metals. 
This approach has a number of disadvantages, 
such as the p o s s i b i l t y of on-column f o r m a t i o n of 
unknown a r t i f a c t s , o f t e n time consuming sample 
p r e p a r a t i o n and very o f t e n the lambda max and 6 max 
values f o r a s u i t e of metal complexes v a r i e s 
s u b s t a n t i a l l y . Consequently, pre-column r e a c t i o n has 
not achieved l a r g e r a p p l i c a b i l i t y , although use of a 
multi-wavelength . d e t e c t o r , such as a photodiode 
a r r a y , would allov/ simultaneous v/avelength 
o p t i m i s a t i o n f o r a l l the r e a c t i n g metal complexes. 
A l t e r n a t i v e l y , wavelength o p t i m i s a t i o n c o u l d be 
achieved by the synthesis of new, and more 
" u n i v e r s a l " dithocarbamate reagents(80)-
1 . 1 4 . 2 . 1 ( i i ) Post-column(PC) Reactions 
As metals are e l u t e d from the ion-exchange 
column, they are reacted w i t h a photometric reagent, 
c o n v e r t i n g them i n t o h i g h l y absorbing u v - v i s 
complexes. 
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T r a c e m e t a l a n a l y s i s by r e a c t i o n w i t h 
p h o t o m e t r i c r e a g e n t s i s a w e l l e x p l o i t e d a n a l y t i c a l 
t e c h n i q u e and s i n c e t h e c h o i c e of p h o t o m e t r i c 
r e a g e n t s i s l e g i o n ( 1 5 2 , 1 5 3 , 1 5 4 ) , t h e n PC r e a c t i o n 
o f f e r s c o n s i d e r a b l e p o t e n t i a l f o r b o t h s e l e c t i v e and 
s e n s i t i v e t r a c e . m e t a l d e t e r m i n a t i o n s . 
R e a c t i o n w i t h an o r g a n i c c h e l a t i n g r e s i n , 
g e n e r a l l y g i v e s a h i g h s e n s i t i v i t y and a l t h o u g h t h e 
c h o i c e a p p e a r s v a s t , t h e r e a g e n t s t h a t p o s s e s s t h e 
r i g h t c h a r a c t e r i s t i c s f o r o p t i m i s a t i o n a s a PC 
r e a g e n t w i t h i n a HPLC s y s t e m a r e l i m i t e d . 
The p r e - r e q u i s i t e s f o r p o s t column(PC) r e a c t i o n 
a r e t h e same a s t h o s e r e q u i r e d by p h o t o m e t r i c t r a c e 
a n a l y s i s , namely:-
i ) h i g h s e n s i t i v i t y f o r r e a g e n t , h i g h € max v a l u e s . 
i i ) s e l e c t i v i t y , lambda max v a l u e s f o r t h e r e a g e n t 
and t h e formed complex s h o u l d be w e l l s e p a r a t e d -
i i i ) r e p r o d u c i b i l i t y . 
i v ) s t a b i l i t y o f r e a g e n t and formed complex. 
v) c a l i b r a t i b l e r e s p o n s e . 
v i ) s i m p l i c i t y o f o p e r a t i o n . 
The r e a g e n t 4- ( 2 - p y r i d y l a 2 o ) r e s o r c i n o l (PAR) 
b e l o n g i n g t o t h e p y r i d y l - a z o group of r e a g e n t s , 
s a t i s f i e s most of t h e s e r e q u i r e m e n t s and was f i r s t 
d e m o n s t r a t e d a s a PC r e a g e n t by F r i t z and c o - w o r k e r s 
i n 1973 ( 9 2 , 1 5 5 ) . 
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S a n d e l l and O n i s h i (156) s t a t e d t h a t , "PAR i s 
c a p a b l e of f o r m i n g twenty w a t e r s o l u b l e c o m p l e x e s , 
b e i n g r e d or r e d / v i o l e t i n c o l o u r " . 
One of t h e e a r l i e s t HPLC a p p l i c a t i o n s u s i n g PAR 
was by C a s s i d y and E l c h u k ( 4 6 ) , s e p a r a t i n g t h e 
l a n t h a n i d e s on an Aminex A5 r e s i n column f o l l o v / e d by 
PC r e a c t i o n w i t h PAR. They a l s o showed th e p o t e n t i a l 
of PAR, by t h e a n a l y s i s o f t r a c e m e t a l s i n a l l o y s and 
s t a i n l e s s s t e e l s ( t h e m a t e r i a l s o f c o n s t r u c t i o n f o r a 
r e a c t o r ) , o v e r c o m i n g t h e i n t e r f e r e n c e from u r a n i u m by 
t h e a d d i t i o n of 0-3M c a r b o n a t e added t o t h e PC 
r e a g e n t ( 1 5 7 ) - L a t e r work e x t e n d e d t h e r ange t o t w e n t y 
f i v e m e t a l s , w i t h t y p i c a l a b s o l u t e d e t e c t i o n l i m i t s 
r a n g i n g between 0-5-25ng- F o r B i , Cd, Co, Cu, F e ( l l ) , 
F e ( l l l ) , Mn, E^i, Pb, Zn, and t h e l a n t h a n i d e s 
(46 , 101 , 157, 158) . 
O t h e r r e a g e n t s i n v e s t i g a t e d i n c l u d e A r s e n a z o I 
and I I I ( 4 6 , 9 2 ) , w h i c h were found t o r e a c t w i t h more 
m e t a l s t h a n PAR, but had a d i s t i n c t d i s a d v a n t a g e i n 
t h a t t h e y r e q u i r e d v e r y c a r e f u l pH c o n t r o l and v/ere 
not a s s t a b l e . A n o t h e r p y r i d y l - a z o r e a g e n t , l - ( 2 -
p r y i d y l a z o ) - 2 - n a p h t h o l (PAN), s i m i l a r t o PAR i n 
r e s p o n s e f o r t h e m a j o r i t y o f f i r s t rov; t r a n s i t i o n 
m e t a l s , was shown t o r e a c t w i t h f e w e r m e t a l s ( 1 5 5 ) . 
H i r o s e e t al,(102) r e p o r t e d on t h e use of x y l e n o l 
o r a n g e as a PC . r e a g e n t f o r t h e d e t e c t i o n o f 
l a n t h a n i d e s . 
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F r e i ( 1 5 9 ) u s e d Z i n c o n f o r d e t e c t i n g t h e f o l l o w i n g 
s p e c i e s A l ( I I I ) , Be, Co, Cd, C r ( I I I ) , Cu, F e ( I I I ) , 
Mn, M o d V ) , Ni and T i ( I V ) . 
The problem V7ith a l l t h e s e r e a g e n t s i s one o f 
w a v e l e n g t h o p t i m i s a t i o n ( a s w i t h t h e p r e - c o l u m n 
a p p r o a c h ) . P h o t o d i o d e a r r a y d e t e c t o r s may be 
employed, b u t a s of y e t no p u b l i c a t i o n s have been 
c i t e d - T h i s i s due i n p a r t t o t h e f a c t t h a t t h e s e 
d e t e c t o r s have been d e v e l o p e d f o r o r g a n i c compounds 
and t h e r e f o r e most m a n u f a c t u r e r s i n s t a l l them w i t h 
w a v e l e n g t h o p e r a t i o n between 190-400nm, a l t h o u g h 
H i t a c h i do s e l l one w i t h a w a v e l e n g t h r a n g e up t o 
700nm. A f u r t h e r p r o blem may be t h a t t h e c o s t i s 
p r o h i b i t i v e t o some l a b o r a t o r i e s . T e c h n i q u e s w h i c h go 
some v/ay to s o l v i n g t h e w a v e l e n g t h o p t i m i s a t i o n have 
been d e v e l o p e d - The f i r s t i n v o l v e s m o n i t o r i n g t h e 
c o n s u m p t i o n of t h e r e a g e n t a s a complex i s formed. By 
s e t t i n g t h e d e t e c t o r on lambda max of t h e r e a g e n t , 
any m e t a l v/hich r e a c t s w i t h t h e r e a g e n t w i l l c a u s e a 
d e c r e a s e i n a b s o r b a n c e of t h e r e a g e n t b e i n g 
m o n i t o r e d . J o n e s e t a l . have u s e d b o t h d i t h i z o n e 
( 3 3 , 1 6 0 ) , and e r i o c h r o m e b l a c k T ( 3 3 , 3 9 , 1 6 1 , 1 6 2 ) f o r 
t h i s a p p r o a c h . D i t h i z o n e gave some s o l u b i l i t y 
problems i n an aqueous a c e t o n e s o l u t i o n and 
e r i o c h r o m e b l a c k T (EBT) showed poor s t a b i l i t y f o r 
aqueous s o l u t i o n s . 
52 
Both EBT and i t s a n a l o g u e C a l m a g i t e (163) gave 
q u a n t i t a t i v e r e s u l t s f o r m e t a l a l l o y s , t a p and r i v e r 
s a m p l e s and s i m u l a t e d PWR p r i m a r y c o o l a n t - EBT r e a c t s 
w i t h e s s e n t i a l l y t h e same m e t a l s a s PAR but w i t h t h e 
a d d i t i o n of Mg and Ca. A b s o l u t e d e t e c t i o n l i m i t s a r e 
s i m i l a r t o PAR, and r a n g e between 1-lOng, a l t h o u g h 
Hobbs o b s e r v e d a f o u r f o l d i n c r e a s e i n s e n s i t i v i t y 
o v e r PAR f o r c o b a l t and n i c k e l ( 1 6 4 ) , A d i s a d v a n t a g e 
w i t h t h i s a p p r o a c h i s t h a t i n m e a s u r i n g a d e c r e a s e 
from a r e l a t i v e l y h i g h b a c k g r o u n d a b s o r b a n c e , 
b a s e l i n e n o i s e i s l a r g e r , h a v i n g t h e e f f e c t o f 
h i g h l i g h t i n g pump n o i s e and f l o w v a r i a t i o n s . The u s e 
of " t r u l y " p u l s e f r e e pumps o r h i g h q u a l i t y 
i n t e g r a t o r s s h o u l d r e d u c e t h i s p r o b l e m and v ; i l l 
i n c r e a s e t h e d e t e c t i o n l i m i t -
The s e c o n d a p p r o a c h , f i r s t d e v e l o p e d by F r i t z 
and A r g u e l l o ( 1 6 5 ) i n 1977 and l a t e r by J e z o r e k and 
F r e i s e r ( 1 6 6 ) , i n c r e a s e d t h e s e n s i t i v i t y and e x t e n d e d 
t h e r a n g e o f m e t a l s d e t e c t e d by PAR t o t h e a l k a l i n e 
e a r t h m e t a l s - They u s e d t h e same p r i n c i p l e of m e t a l 
d i s p l a c e m e n t r e a c t i o n s a s u s e d by T a k a t a ( 9 3 ) . A z i n c -
EDTA complex was added t o t h e PAR r e a g e n t , and a s t h e 
m e t a l e l u t e s from t h e column, i t d i s p l a c e s t h e z i n c 
from t h e EDTA complex, r e l e a s i n g z i n c w h i c h now 
r e a c t s w i t h t h e PAR. Hence t h e w a v e l e n g t h may be 
o p t i m i s e d by s e t t i n g t h e d e t e c t o r t o t h e lambda max 
f o r t h e zinc-PAR- complex. 
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More r e c e n t l y Wang (97) and Schv7edt(98) have shown t h e 
r e a l p o t e n t i a l of t h i s a p p r o a c h to g e n e r a l m e t a l 
d e t e c t i o n , shov/ing t h e s e p a r a t i o n of t h i r t e e n m e t a l s 
i n a s i n g l e i n j e c t i o n . 
1.14.2.2 M o l e c u l a r E m i s s i o n D e t e c t o r s 
A l t h o u g h f l u o r e s c e n c e i s much more s e n s t i t i v e 
t h a n a b s o r p t i o n , i t s p o t e n t i a l f o r d i r e c t 
f l u o r e s c e n c e i s l i m i t e d - T h i s l i m i t e d s e l e c t i v i t y o f 
f l u o r e s c e n c e t o m e t a l s , a r i s e s from t h e f a c t t h a t 
many m e t a l s , b o t h t r a n s i t i o n e l e m e n t s and h e a v y 
m e t a l s quench f l u o r e s c e n c e . To d a t e t h e r e has o n l y 
been two p u b l i s h e d e x a m p l e s o f m e t a l s s e p a r a t e d by 
HPLC u t i l i s i n g f l u o r e s c e n c e d e t e c t i o n . 
B e c k e t t and N e l s o n ( 4 9 ) , complexed m e t a l i o n s t o 
an a n i l i n e - E D T A d e r i v a t i v e and d e t e c t e d them by PC 
r e a c t i o n w i t h f l u o r e s c a m i n e . D e t e c t i o n l i m i t s o f 60pg 
f o r z i n c and 80pg f o r l e a d and cadium a r e q u o t e d . The 
c a l i b r a t e d l i n e a r r e s p o n s e of t h e d e t e c t o r b e i n g 60pg 
- 500ng- J o n e s e t a l ( 1 6 1 ) u s i n g PC r e a c t i o n w i t h 8-
h y d r o x y q u i n o l i n e - 5 - s u l p h o n a t e , d e t e c t e d A l , Ga, and 
I n , v;ith a b s o l u t e d e t e c t i o n l i m i t s f o r Ga and I n o f 
O.lng. They a l s o r e p o r t e d upon t h e a n a l y s i s of Ga a s 
a t r a c e i m p u r i t y i n a c e r t i f i c a t e d p u r e a l u m i n i u m 
s a m p l e , t h e r e s u l t s a g r e e i n g w i t h i n s t a t i s t i c a l l y 
a c c e p t e d v a l u e s . 
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C l e a r l y t h e s e n s i t i v i t y o f f l u o r e s c e n c e d e t e c t i o n i s 
w e l l d e m o n s t r a t e d and t h e p o t e n t i a l f o r i n d i r e c t 
f l u o r e s c e n c e t e c h n i q u e s c o n s i d e r a b l e -
C h e m i l u m i n e s c e n c e h a s been u s e d i n f l o w 
i n j e c t i o n s y s t e m s f o r t r a c e m e t a l a n a l y s i s , f o r 
example z i n c and cadium were d e t e r m i n e d by TowndKcsrv^ 
e t a l , ( 1 6 7 ) , b u t t h e r e i s o n l y one p u b l i s h e d HPLC 
a p p l i c a t i o n , w h i c h i s r e p o r t e d by N e a r y ( 1 6 8 ) , who 
u s e d a PC c h e m i l u m i n e s c e n c e d e t e c t o r t o d e t e r m i n e 
c o b a l t and copper- S i n c e t h e n v e r y l i t t l e work h a s 
been done t o w a r d s HPLC m e t a l s " a n a l y s i s by 
c h e m i l u m i n e s c e n c e . 
1.15 R e s e a r c h O b j e c t i v e s 
The aim o f t h i s r e s e a r c h i s t o d e v e l o p an HPLC 
s y s t e m c a p a b l e of o n - l i n e d e t e r m i n a t i o n o f u l t r a -
t r a c e m e t a l s p e c i e s i n t h e p r i m a r y c o o l a n t o f a 
p r e s s u r i s e d w a t e r r e a c t o r . The s y s t e m u l t i m a t e l y 
s h o u l d be f u l l y a u t o m a t e d , w i t h t h e a b i l i t y t o 
c o l l e c t s a m p l e s a t o p e r a t i n g temperature(300°C) and 
p r e s s u r e ( 2 2 0 0 p s i ) . The main e l e m e n t o f i n t e r e s t i s 
c o b a l t , f o r r e a s o n s a l r e a d y o u t l i n e d and a d e t e c t i o n 
l i m i t o f lOpg ml'-'^is r e q u i r e d , o J t h o u g h m u l t i - e l e m e n t 
c a p a b i l i t y w i l l a l s o be i n v e s t i g a t e d -
55 
A two s t a g e program i s p l a n n e d . F i r s t l y , t h e 
d e v e l o p m e n t o f a d e t e c t i o n s y s t e m f o r t h e a n a l y s i s o f 
t h e p r i m a r y c o o l a n t a t a m b i e n t t e m p e r a t u r e s , w i t h a 
c a p a b i l i t y t o a c h i e v e t h e d e s i r e d l i m i t o f d e t e c t i o n . 
T h i s w i l l i n v o l v e t h e f u r t h e r d e v e l o p m e n t of an 
e s t a b l i s h e d s e p a r a t i o n and d e t e c t i o n s y s t e m t o 
i n c o r p o r a t e p r e c o n c e n t r a t i o n o f t h e s a m p l e . S e c o n d l y , 
t h e i n v e s t i g a t i o n o f i n o r g a n i c i o n - e x c h a n g e 
m a t e r i a l s , w h i c h c a n be u t i l i s e d a s p r e c o n c e n t r a t o r s 
o r c o l l e c t o r s i n t h e d e v e l o p e d d e t e c t i o n s y s t e m , t h u s 
e n a b l i n g s a m p l i n g o f p r i m a r y c o o l a n t a t 
temperature(305°C) and p r e s s u r e ( 2 2 0 0 p s i ) . 
The i n t e n t i o n o f t h e r e s e a r c h program i s a l s o t o 
i n v e s t i g a t e problems r e l a t e d t o c o n t a m i n a t i o n , 
a d s o r p t i o n l o s s e s , s t a b i l i t y , r e p r o d u c i b i l i t y and 
q u a n t i t a t i v e p e r f o r m a n c e of t h e d e v e l o p e d s y s t e m . 
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CHAPTER TWO 
2. I n s t r u m e n t a t i o n and E x p e r i m e n t a l 
2.1 I n t r o d u c t i o n . 
T h r o u g h o u t t h i s method d e v e l o p m e n t r e s e a r c h 
program t h e e m p h a s i s h a s be e n upon t h e l o n g t e r m 
o p e r a t i o n and i n t e g r i t y o f t h e a n a l y t i c a l s y s t e m - I t 
i s not s u r p r i s i n g t h e r e f o r e t h a t c o n s i d e r a t i o n o f 
t h e s e f a c t o r s have i n f l u e n c e d c h o i c e of r e a g e n t s , 
column p a c k i n g s and s y s t e m components. R a t h e r t h a n 
c o n f u s e t h e p r e s e n t a t i o n o f t h i s c h a p t e r by 
d i s c u s s i n g c hanges made t h r o u g h o u t t h e d e v e l o p m e n t , 
d e v i a t i o n s from t h e s t a n d a r d HPLC s y s t e m d e s c r i b e d 
below w i l l be d i s c u s s e d i n t h e i r a p p r o p r i a t e c h a p t e r . 
The HPLC s y s t e m shown a s a s c h e m a t i c d i a g r a m 
( F i g u r e 3) and phot o g r a p h ( F i g u r e 4) c o n s i s t s o f 3 h i g h 
p r e s s u r e pumps, an i n j e c t o r v a l v e , a sa m p l e 
p r e c o n c e n t r a t i o n and a n a l y t i c a l s e p a r a t i o n column, a 
u v - v i s d e t e c t o r and a t h e r m a l p r i n t e r . 
A m i c r o p r o c e s s o r c o n t r o l u n i t ( C o n t r o l Command 
Module, L a b o r a t o r y Data C o n t r o l ( L D C ) , R i v i e r a B e a c h , 
F L . 33404, USA.) was u s e d t o c o n t r o l t h e e l u e n t pump, 
t h e t h e r m a l p r i n t e r and t h e o u t p u t of d a t a from t h e 
s p e c t r o p h o t o m e t e r . 
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Equipment Used 
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The o p t i o n o f s t o r a g e of chromatograms on a 
I E E E - 4 8 8 i n t e r f a c e d d u a l f l o p p y d i s c u n i t (Commodore 
8050, Commodore B u s i n e s s M a c h i n e s I n c . , 3330, S c o t t 
B o u l e v a r d , S a n t a C l a r a , C a l i f o r n i a , 95051, USA.) was 
a l s o a v a i l a b l e . 
2.2 Pumps. 
The e l u e n t was pumped v i a a C o n s t a m e t r i c I I I 
LDC pump, p r o v i d i n g a c o n s t a n t volume a t p r e s s u r e s 
below SOOOpsi between 0.1 t o 10.0 ml min-^ A cam 
d r i v e s two p o s i t i v e d i s p l a c e m e n t s a p p h i r e p i s t o n s 180 
d e g r e s s a p a r t . A phase l o c k e d l o o p c o n t r o l l e r g i v e s a 
+ 0-3% r e p e t i t i v e f l o w r a t e a c c u r a c y - To r e d u c e t h e 
pump p u l s a t i o n s t h e e l u e n t was pumped t h r o u g h a 
p r e s s u r e r e s t r i c t o r from t h e h i g h s e n s i t i v i t y 
a c c e s s o r y of a Wa t e r s HPLC pump ( W a t e r s A s s o c i a t e s 
I n c . , M i l f o r d , M a s s a c h u s e t t s , USA-) 
The p o s t column r e a g e n t was pumped v i a a Knauer 
pump (Dr. I n g - H e r b e r t Knauer GmbH, Hegauer Weg 38, 
D-1000 B e r l i n 37^ West Germany) , t h r o u g h 2 m e t r e s of 
0.8mm i n t e r n a l d i a m e t e r ( i . d . ) PTFE t u b i n g , t o t h e T 
j u n c t i o n . 
The sample was pumped ont o a p r e c o n c e n t r a t i o n 
column, v i a a d u a l p i s t o n s y s t e m PTFE l i n e d pump ( 
Model AA Dual P i s t o n E l d e x pump, E l d e x L a b o r a t o r i e s , 
3551 Haven Avenue, Menlo P a r k , C.A., 94025, USA.). 
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Both t h e e l u e n t and p o s t column pumps had 5 ;jm 
f i l t e r s on t h e i n l e t s , t o r e d u c e pump wear and 
i n c r e a s e column o p e r a t i o n a l t i m e . The f l o w c o n d i t i o n s 
u s e d t h r o u g h o u t were an e l u e n t f l o w o f 1.5ml min-1 
and p o s t column r e a g e n t f l o w o f 1-Oml min"^. 
2.3 I n j e c t o r and P r e c o n c e n t r a t i o n S y s t e m . 
A Rheodyne i n j e c t o r v a l v e 7010 (Rheodyne, 
C o t a t i , C.A. 9492 USA.) f i t t e d w i t h a t i t a n i u m 
p r e c o l u m n i n p l a c e o f an i n j e c t i o n l o o p . The 
p r e c o n c e n t r a t i o n of sample was a c h i e v e d by c o l l e c t i n g 
a known volume of sample o n t o t h e p r e c o l u m n . The 
sample was t h e n b a c k f l u s h e d o f f t h e p r e c o l u m n by t h e 
e l u e n t onto the a n a l y t i c a l column. A f t e r n i n e t y 
s e c o n d s t h e Rheodyne i n j e c t o r was s w i t c h e d b a c k i n t o 
t h e l o a d p o s i t i o n , e n a b l i n g a n o t h e r s a m p l e t o be 
p r e c o n c e n t r a t e d , w h i l s t t h e f i r s t was b e i n g 
analysed". 
2.4 A n a l y t i c a l and P r e c o n c e n t r a t i o n Column-
The s t a i n l e s s s t e e l a n a l y t i c a l column 100 mm x 
4.6 mm and t i t a n i u m p r e c o n c e n t r a t i o n column 50 mm x 
4-6 mm, had 2 \xm p o r e s t a i n l e s s s t e e l f r i t s a t b o t h 
ends of t h e colu m n s . Column p a c k i n g c o n d i t i o n s a r e 
c r i t i c a l and t h e c a t i o n e x c h a n g e r e s i n u s e d i n b o t h 
t h e a n a l y t i c a l and p r e c o n c e n t r a t i o n column, was 
pac k e d u s i n g a Shandon column p a c k i n g 
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i n s t r u m e n t (Shandon S o u t h e r n I n s t r u m e n t s I n c . , 515 
Broad s t r e e t , S e w i c k l e y P.A., 15143 USA-). 
When c o n s i d e r i n g t h e c h o i c e of s t a t i o n a r y p h a s e 
f o r p r e c o n c e n t r a t i o n , t h e n p o l y m e r i c i o n - e x c h a n g e r s 
a r e t h e most f a v o u r e d b e c a u s e :-
( i ) t h e y have known l o n g t e r m c h e m i c a l s t a b i l i t y 
( 5 3 , 9 0 ) , w h e r e a s bonded s i l i c a p h a s e s a r e known f o r 
t h e i r i n c r e a s e d d e t e r i o r a t i o n w i t h usage ( 1 8 9 ) . 
( i i ) i o n - e x c h a n g e r e s i n s c a n o p e r a t e o v e r a wide pH 
r a n g e 1-13, but s i l i c a p h a s e s o n l y a r e l a t i v e l y s h o r t 
pH r a n g e o f 2-7. PWR c o o l a n t h a s a pH r a n g e 6.5-7.5, 
t h e r e f o r e u s e of a s i l i c a bonded phase c o u l d l e a d t o 
a c c e l e r a t e d d e g r a d a t i o n o f t h e phase and/or 
u n r e l i a b l e p e r f o r m a n c e . 
The r e s i n c h o s e n was Aminex A-9, a h i g h c a p a c i t y 
(2.0 meq g-1 d r y w e i g h t ) , s m a l l p a r t i c l e s i z e (11.0 _+ 
0.5 pjn) , s u p l h o n a t e d d i v i n y l b enzene c o p o l y m e r ( B i o -
Rad L a b o r a t o r i e s , 32 & G r i f f i n , Richmond, C a l i f o r n i a , 
USA.). The r e s i n was p a c k e d a s an e l u e n t s l u r r y , 
a f t e r d e g a s s i n g under vacuum f o r t h i r t y m i n u t e s . The 
e l u e n t u s e d f o r p a c k i n g t h e r e s i n s l u r r y , was t h e 
same a s t h a t used i n t h e s e p a r a t i o n s y s t e m . The 
column was packed u s i n g an i n i t i a l p r e s s u r e o f 500 
p s i , i n o r d e r t o m i n i m i s e d p h y s i c a l f r a c t u r i n g of t h e 
b e a d s . A f t e r 50ml of e l u e n t had been pumped t h r o u g h 
t h e column, t h e p r e s s u r e was r a i s e d t o 3500 p s i and a 
f u r t h e r 150 ml pumped t h r o u g h . 
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When 100ml had been pumped t h r o u g h , t h e c o l u m n was 
i n v e r t e d t o e n s u r e a s o l i d column t o p , a more u n i f o r m 
p a r t i c l e s i z e d i s t r i b u t i o n and t o a v o i d c h a n n e l l i n g 
(166) . 
The e f f i c i e n c y o f s e p a r a t i o n o f t h i s r e s i n h a s 
been o p t i m i s e d a t 60°C ( 3 3 , 3 9 ) . T h e r e f o r e t o m a i n t a i n 
t h i s t e m p e r a t u r e t h e a n a l y t i c a l column was immersed 
i n a t y p e J 3 I G r a n t v/ater b a t h ( G r a n t 
I n s t r u m e n t a t i o n , C a m b r i d g e . E n g l a n d . ) 
2.5 P o s t Column R e a c t o r . 
As m e t a l s p e c i e s a r e e l u t e d from t h e a n a l y t i c a l 
column t h e y a r e mixed w i t h a p o s t column (PC) r e a g e n t 
i n a T j u n c t i o n a t 180 d e g r e e s t o e a c h o t h e r . To 
e n s u r e c o m p l e t e r e a c t i o n b e t w e e n t h e m e t a l s p e c i e s 
and r e a g e n t , a r e a c t i o n c o i l from t h e T j u n c t i o n t o 
t h e d e t e c t o r i s f i t t e d . The r e a c t i o n c o i l was a 0.8mm 
i . d . x 30cm l e n g t h o f PTFE t u b i n g . To a s s i s t m i x i n g 
and m i n i m i s e band b r o a d e n i n g ( 1 6 7 ) , t h e r e a c t i o n c o i l 
was wound round a 1cm d i a m e t e r f o r m e r . 
The p o s t column r e a g e n t was EBT, w h i c h m e a s u r e s a 
d e c r e a s e i n t h e a d s o r b a n c e o f u n r e a c t e d r e a g e n t , a s 
m e ntioned i n c h a p t e r one (p52) and d e s c r i b e d i n 
d e t a i l e l s e w h e r e ( 3 3 , 3 9 ) . To i l l u s t r a t e t h e 
c a p a b i l i t y of t h e HPLC s y s t e m f o r t h e s e p a r a t i o n o f 
m e t a l s , a t y p i c a l chromatogram i s shown i n F i g u r e 5. 
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F i g u r e 5 
K,- r Aminex A9 / T a r t r a t e S y s t e m 
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50 
C h r o m a t o q r a p h i c C o n d i t i o n s : 
Aminex A9 column (4.6mm x 100mm) 
-1 E l u e n t 0.2 M T a r t r a t e pH 4.3, f l o w r a t e 1.5 ml min 
100 p i i n j e c t i o n o f 5ppm Fe"^* ,Cu, Zn,Ni ,Co, F e ^ * , Mn,Mg 
and 50 ppm Pb and Cd-
D e l e t i o n by p o s t column r e a c t i o n w i t h 7 x 10~^M l " " ^ EBT 
s o l u t i o n pumped a t 1.0ml min"-*-, X=610 nm. 
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2.6 D e t e c t o r . 
The p o s t - c o l u m n r e a c t i o n c o i l was c o n n e c t e d 
d i r e c t l y t o a 0-3mm i . d . t u b i n g of a m e t a l b l o c k t h a t 
a c t s a s a h e a t e x c h a n g e r t o r e d u c e t e m p e r a t u r e 
f l u c t u a t i o n s . A f t e r e x i t i n g from t h e h e a t e x c h a n g e r 
b l o c k t h e e l u e n t p a s s e s d i r e c t l y i n t o t h e samp l e f l o w 
c e l l . The d o u b l e beam u v / v i s i b l e s p e c t r o p h o t o m e t e r 
(SF770; S c h o e f f e l I n s t r u m e n t C o r p o r a t i o n , Westv;ood, 
New J e r s e y , USA.) was s e t t o m o n i t o r t h e e l u e n t a t a 
w a v e l e n g t h of 615nm. The s p e c t r o p h o t o m e t e r 
i n c o r p o r a t e d two lOMl volume f l o w c e l l s of 1cm 
l e n g t h , one of w h i c h was an a i r r e f e r e n c e c e l l -
2.7 R e a g e n t s . 
A r i s t a r g r a d e r e a g e n t s (BDH, P o o l e , D o r s e t , 
E n g l a n d ) were u s e d when a v a i l a b l e , o t h e r w i s e 
a n a l y t i c a l r e a g e n t g r a d e s were u s e d . 
D i s t i l l e d d e i o n i s e d w a t e r (DOW) was p r e p a r e d i n 
a g l a s s s t i l l and t h e d i s t i l l a t e p a s s e d t h r o u g h two 
E l g a s t a t d e i o n i s e r s ( E l g a P r o d u c t s L t d , L a n e End, 
B u c k s . , E n g l a n d ) , c o n n e c t e d i n s e r i e s t o g i v e a 
c o n d u c t i v i t y o f <4 micro-ohm cm-^. 
S t o c k e r i o c h r o m e b l a c k T (EBT) r e a g e n t was 
p r e p a r e d a s a 0.4g p e r lOOml s o l u t i o n i n 2M ammonium 
h y d r o x i d e . The d a i l y p r e p a r e d r e a g e n t w o r k i n g 
s o l u t i o n was EBT:DDW:2M NH^OH ( 4 : 2 9 6 : 2 0 0 ) . 
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The use o f Aminex A9 r e s i n n e c e s s i t a t e d t h e 
s e l e c t i o n o f a s t r o n g l y c h e l a t i n g p o l y c a r b o x y l i e 
a c i d , t a r t a r i c a c i d . S t o c k t a r t a r i c a c i d s o l u t i o n 
(2M) was p r e p a r e d by m i x i n g t h e a c i d w i t h DDW ( a t 
t h i s c o n c e n t r a t i o n b i o l o g i c a l g r o w t h s do n o t f o r m a n d 
t h e s o l u t i o n i s s t a b l e f o r a t l e a s t one m o n t h ) - The 
t a r t a r i c a c i d e l u e n t was d i l u t e d t o a 0•2M s o l u t i o n 
w i t h DDW, t h e pH b e i n g a d j u s t e d t o a p p r o x i m a t e l y 4.5 
w i t h 2M ammonium h y d r o x i d e . The e l u e n t was d e g a s s e d 
by vacuum f i l t r a t i o n , t o r e d u c e a i r b u b b l e f o r m a t i o n . 
The l i t h i u m b o r a t e s o l u t i o n ( L B S ) , c o n t a i n e d 
1200mg 1'-^ o f b o r a t e , a d j u s t e d t o pH 6-85 w i t h 
1.8mg 1 ~ ^ l i t h i u m h y d r o x i d e . 
S p e c t r o s o l (BDH) m e t a l s o l u t i o n s ( l OOppm) w e r e 
u s e d as s t o c k s o l u t i o n s . S t a n d a r d s v;ere p r e p a r e d by 
s e q u e n t i a l d i l u t i o n u s i n g d i s p o s a b l e p o l y t h e n e t i p s . 
A l l s a m p l e s , s t a n d a r d s and r e a g e n t s w e r e s t o r e d 
i n l o w d e n s i t y p o l y t h e n e b o t t l e s , v / h i c h had 
p r e v i o u s l y been s o a k e d i n IM A r i s t a r n i t r i c a c i d 
o v e r n i g h t (24) and r i n s e d w i t h f i v e s e p a r a t e w a s h i n g s 
o f d i s t i l l e d d e i o n i s e d w a t e r . S t a n d a r d s >10ppm w e r e 
p r e p a r e d w e e k l y and <10ppm d a i l y . 
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2.8 G e n e r a l C o n t a m i n a t i o n C o n t r o l . 
One o f t h e m a j o r c o n c e r n s o f a n a l y s i s a t u l t r a -
t r a c e l e v e l c o n c e n t r a t i o n s i s t h a t o f c o n t a m i n a t i o n . 
Any and e v e r y t h i n g t h a t t h e s a m p l e comes i n t o c o n t a c t 
w i t h i n c l u d i n g , t h e l a b o r a t o r y a t m o s p h e r e , c o n t a i n e r 
s u r f a c e s , HPLC c o m p o n e n t s , e t c . , i s a p o s s i b l e s o u r c e 
o f c o n t a m i n a t i o n . I n o r d e r t o k e e p t h e s e t o a 
minimum, t h e HPLC e q u i p m e n t was p l a c e d i n a 
l a b o r a t o r y e x c l u s i v e l y f o r t r a c e HPLC w o r k . The 
d e i o n i s e r was o n l y u s e d f o r p r e p a r i n g w a t e r f o r t r a c e 
m e t a l s o l u t i o n s and e l u e n t s . 
PTFE t u b i n g , f r i t s , f e r r u l e s a nd o t h e r s u i t a b l e 
m a t e r i a l s w e r e u s e d w h e r e v e r p o s s i b l e . T h i s v/as d o n e 
i n o r d e r t o r e d u c e t h e amount o f s t a i n l e s s s t e e l i n 
c o n t a c t w i t h f l o w i n g s t r e a m s . P a r t i c u l a r l y i m p o r t a n t 
f o r t h e p r e c o n c e n t r a t i o n s y s t e m , s i n c e a n y l e a c h e d 
m e t a l i o n s w o u l d a l s o be p r e c o n c e n t r a t e d . 
A l l r e a g e n t b o t t l e s , v o l u m e t r i c f l a s k s , 
p i p e t t e s , f i l t e r i n g a p p a r a t u s a n d g e n e r a l l a b o r a t o r y 
e q u i p m e n t , was k e p t s e p a r a t e a nd u s e d e x c l u s i v e l y f o r 
t h e same p u r p o s e . 
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CHAPTER THREE 
3. D e v e l o p m e n t o f HPLC A n a l y s i s S y s t e m 
3.1 I n t r o d u c t i o n . 
W i t h a v i e w t o d e v e l o p i n g HPLC f o r t r a n s i t i o n 
m e t a l a n a l y s i s o f t h e p r i m a r y c o o l a n t o f a 
P r e s s u r i s e d W a t e r R e a c t o r (PWR), c o n s u l t a t i o n w i t h 
t h e A t o m i c E n e r g y E s t a b l i s h m e n t W i n f r i t h (AEEW) 
e s t a b l i s h e d t h e f o l l o w i n g d e s i r a b l e c r i t e r i a : -
i ) t h e s y s t e m s h o u l d e v e n t u a l l y o p e r a t e o n - l i n e . 
i i ) m ust be e a s i l y a u t o m a t e d . 
i i i ) s h o u l d o p e r a t e f o r l o n g p e r i o d s . 
i v ) a d e t e c t i o n l i m i t o f l O p g ml"-^ f o r c o b a l t a t 
a m b i e n t t e m p e r a t u r e s . 
v ) s y s t e m s h o u l d be c a p a b l e o f h a n d l i n g s a m p l e s w i t h 
a pH r a n g e 6.5-7.5 and h i g h b o r i c a c i d c o n t e n t 
(ISOOppm) . 
v i ) s p e e d o f a n a l y s i s i s n o t c r i t i c a l ; one s a m p l e 
e v e r y t w o h o u r s b e i n g s u f f i c i e n t . 
The t w o p r i n c i p a l d e t e c t i o n s y s t e m s c u r r e n t l y 
u s e d f o r i n o r g a n i c HPLC a p p l i c a t i o n s u t i l i s e 
e l e c t r o c h e m i c a l ( 3 8 , 4 4 ) a nd s p e c t r o p h o t o m e t r i e ( 4 5 , 4 6 ) 
d e t e c t o r s , d e t e c t i o n l i m i t s i n t h e r a n g e 0.1 •* ng m l " ^ 
b e i n g r e p o r t e d . I n o r d e r t o a c h i e v e d e t e c t i o n l i m i t s 
i n t h e p i c o g r a m p e r ml r a n g e f o r c o b a l t , a number o f 
a p p r o a c h e s c a n be a d o p t e d . The u s e o f l a r g e i n j e c t i o n 
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v o l u m e s ( 4 7 ) , new d e t e c t o r d e s i g n s ( 4 8 ) , 
f l u o r e s c e n t ( 4 9 ) a n d / o r r a d i o c h e m i c a l d e t e c t i o n 
s y s t e m s ( 5 0 , 5 1 ) and s a m p l e p r e c o n c e n t r a t i o n , o f w h i c h 
s a m p l e p r e c o n c e n t r a t i o n i s t h e m o s t d e s i r a b l e . 
T e c h n i q u e s s u c h as s o l v e n t e x t r a c t i o n a n d s a m p l e 
e v a p o r a t i o n , a r e n o t p a r t i c u l a r l y s u i t a b l e f o r t h i s 
a p p l i c a t i o n , s i n c e t h e y a r e g e n e r a l l y t i m e c o n s u m i n g 
and c a n n o t r e a d i l y be a u t o m a t e d f o r o n - l i n e a n a l y s i s . 
D i r e c t p r e c o n c e n t r a t i o n o n t o t h e a n a l y t i c a l c o l u m n 
( 5 2 ) , r e q u i r e s a l o n g e r a n a l y s i s t i m e p e r s a m p l e , i s 
l e s s f l e x i b l e i n o p e r a t i o n a n d c a n n o t g u a r d a g a i n s t 
c o l u m n c o n t a m i n a t i o n . P r e c o n c e n t r a t i o n o n t o a 
s e p a r a t e c o l u m n o f f e r s t h e m o s t v e r s a t i l e a p p r o a c h t o 
u l t r a - t r a c e a n a l y s i s , a l l o w i n g l a r g e p r e c o n c e n t r a t i o n 
f a c t o r s t o a c h i e v e l o w d e t e c t i o n l i m i t s , p r o t e c t i o n 
o f t h e a n a l y t i c a l c o l u m n and t h e a b i l i t y t o a n a l y s e 
one s a m p l e w h i l s t p r e c o n c e n t r a t i n g t h e n e x t . 
Thus HPLC i s an i d e a l t e c h n i q u e f o r m o n i t o r i n g 
t r a c e m e t a l s p e c i e s i n t h e p r i m a r y c o o l a n t , a l l o w i n g 
n o t o n l y c o n t i n o u s o n - l i n e m o n i t o r i n g o f c h e m i c a l a n d 
p h y s i c a l t r a n s i e n t s , b u t a l s o r e d u c i n g a d v e n t i t i o u s 
s a m p l e c o n t a m i n a t i o n a s s o c i a t e d w i t h d i s c r e t e 
s a m p l i n g m e t h o d s . I t has t h e f u r t h e r a d v a n t a g e s o f 
m u l t i - e l e m e n t c a p a b i l i t y , t h e r e b y k e e p i n g t h e number 
o f a n a l y t i c a l t e c h n i q u e s t o a minimum, c a n s a f e l y 
o p e r a t e u n d e r t h e p r e s s u r e s a s s o c i a t e d w i t h a PWR 
(2300 p s i ) , and has t h e p o t e n t i a l f o r s a m p l e 
c o l l e c t i o n a t 305°C. 
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3.2 P r e l i m i n a r y E x p e r i m e n t s . 
I n o r d e r t o q u a n t i f y t h e p e r f o r m a n c e o f a n y 
p r e c o n c e n t r a t i o n s y s t e m , i t i s f i r s t n e c e s s a r y t o 
e s t a b l i s h t h e s t a b i l i t y o f t h e s t a n d a r d s b e i n g 
p r e c o n c e n t r a t e d , p a r t i c u l a r y s i n c e a d s o r p t i o n l o s s e s 
o n t o , o r t h e l e a c h i n g o f m e t a l s o f f c o n t a i n e r 
w a l l s , has a d r a m a t i c c o n s e q u e n c e a t s u c h l o w 
c o n c e n t r a t i o n s . 
The s t a b i l i t y o f an e x t r e m e l y l o w c o n c e n t r a t i o n 
o f a n i x e d m e t a l s t a n d a r d was a s s e s s e d b y m o n i t o r i n g 
t h e peak h e i g h t r e s p o n s e f o r a g i v e n m e t a l i n 
d i f f e r e n t s t a b i l i s i n g s o l u t i o n s , o v e r a r a n g e o f 
p r e c o n c e n t r a t e d s a m p l e v o l u m e s . F o u r d i f f e r e n t 
a q u eous s y s t e m s w e r e i n v e s t i g a t e d a n d c a l i b r a t i o n 
g r a p h s f o r e a c h o f t h e m e t a l s , o f a l O p p b m i x e d m e t a l 
s o l u t i o n w e r e o b t a i n e d . R e a g e n t b l a n k s f o r e a c h 
aqueous s y s t e m w e r e a l s o o b t a i n e d . 
The f o u r a q u e o u s s y s t e m s w e r e : -
a) d i s t i l l e d d e i o n i s e d w a t e r (DDW), 
b) c i t r a t e b u f f e r O.OOIM; pH 3.0, 
c) n i t r i c a c i d 0.0014M; pH 2.9, 
d) l i t h i u m b o r a t e s o l u t i o n ( L B S ) ; 1200ppm b o r o n : 2-
3ppm L i ; pH 6.85. 
The c i t r a t e b u f f e r c o n c e n t r a t i o n was t h e same as 
t h a t recommended by C a s s i d y s, E l c h u k ( 5 3 ) f o r t h e 
s t a b i l i s a t i o n o f l ow l e v e l s t a n d a r d s i n t h e ng ml--*-
r a n g e . 
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The n i t r i c a c i d c o n c e n t r a t i o n was c a l c u l a t e d t o 
m a t c h t h e pH o f t h e c i t r a t e b u f f e r s o l u t i o n . The 
p a r t i c u l a r LBS s o l u t i o n c h o s e n r e p r e s e n t s t h e 
maximum c o n c e n t r a t i o n o f b o r i c a c i d a nd l i t h i u m 
l i k e l y t o be p r e s e n t i n t h e p r i m a r y c o o l a n t a t s t a r t 
up, f o l l o w i n g a r e f u e l l i n g o f t h e r e a c t o r . 
3-2.1 R e s u l t s . 
The r e s p o n s e o f t h e m e t a l s c o b a l t , n i c k e l a nd 
manganese i n a l O n g m l - 1 m i x e d m e t a l s t a n d a r d 
s o l u t i o n i s shown i n T a b l e 3 ( t h e a c t u a l b l a n k 
s o l u t i o n peak h e i g h t r e s p o n s e , b e i n g t h e d i f f e r e n c e 
b e t w e e n t h e u n c o r r e c t e d (U) and c o r r e c t e d (C) m e t a l 
p e a k h e i g h t s r e c o r d e d ) - A g r a p h i c a l r e p r e s e n t a t i o n o f 
w h i c h i s g i v e n i n - F i g u r e s 6-8, w i t h e r r o r b a r s o f 
t w i c e t h e bas e l i n e n o i s e -
3.2.2 D i s c u s s i o n . 
The r e s u l t s o f t h e n i c k e l r e s p o n s e o f t h e b l a n k 
s o l u t i o n s was s m a l l f o r t h e DDW and c i t r a t e s o l u t i o n . 
The n i t r i c a c i d s o l u t i o n g a v e l a r g e b l a n k s w h i c h w e r e 
n o t p r o p o r t i o n a l t o t h e v o l u m e c o n c e n t r a t e d , w h i l s t 
t h e LBS gav e h i g h b l a n k s w h i c h w e r e p r o p o r t i o n a l t o 
v o l u m e l o a d e d . The i n f e r e n c e f r o m t h e s e r e s u l t s i s 
t h a t t h e DDW and c i t r a t e s o l u t i o n s d o n o t c o n t r i b u t e 
t o t h e l e v e l o f n i c k e l i n s o l u t i o n . 
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T a b l e 3 
M e t a l Response i n D i f f e r e n t S t a b i l i s i n g S o l u t i o n s 
Aqueous W e i g h t N i c k e l C o b a l t Manganese 
s o l u t i o n l o a d e d P k . H t . Pk . H t . Pk .Ht 
(ng) (U) (C) (U) (C) (U) (C) 
20 18 15 9 9 12 11 
(a) 50 31 24 26 26 23 21 
DDW 80 58 47 46 46 4 1 38 
100 63 49 50 50 49 45 
(b) 30 9 7 14 14 5 5 
C i t r a t e 50 20 18 22 22 11 11 
b u f f e r 80 30 27 35 35 18 18 
O.OOIM 120 47 42 51 5 1 27 27 
( c ) 40 16 3 16 16 13 10 
N i t r i c 50 22 8 24 24 17 14 
a c i d 80 31 10 37 37 31 26 
0'. 0014M 100 49 25 48 48 43 37 
(d) 35 18 10 19 19 10 9 
LBS 60 34 2 1 30 30 17 15 
95 60 36 46 46 26 23 
(U) = U n c o r r e c t e d meta 1 peak h e i g h t 
(C) B l a n k c o r r e c t e d m e t a l p e a k h e i g h t (.^ v^ m^  
7 1 
F i g u r e 6 
B l a n l c C o r r e c t e d Peak H e i g h t R e s p o n s e (mm) 
v s W e i g h t L o a d e d ( n g ) F o r N i c k e l 
( a ) ( c ) 
20 40 60 80 100 
(ng ) 
20 40 60 80 100 
( n g ) 
(b) ( d ) 
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F i g u r e 7 
B l a n k C o r r e c t e d Peak H e i g h t R e s p o n s e (<v\«vC\ 
v s W e i g h t L o a d e d ( n q ) F o r C o b a l t 








20 40 60 80 100 
(ng ) 
40 60 
( n g ) 
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F i g u r e 8 
B l a n k C o r r e c t e d Peak H e i g h t R e s p o n s e <onfVv'^ 
v s W e i g h t L o a d e d ( n g ) F o r Manganese 
( a ) (b) 












The n i t r i c a c i d s o l u t i o n p r o b a b l y l e a c h e d sorr-^i 
n i c k e l o u t o f t h e s t a i n l e s s s t e e l s y s t e m a n d t h e 
n i c k e l i n t h e LBS i s l i k e l y t o be a n i m p u r i t y i n t h o 
b o r i c a c i d s o l i d . The b l a n k r e s p o n s e f o r manganese; 
showed a s i m i l a r t r e n d t o t h a t o f n i c k e l a l t h o u g h 
t h e l e v e l o f c o n t a m i n a t i o n was s m a l l e r , w h i l s t c o b a l t 
was n o t d e t e c t e d i n any b l a n k s o l u t i o n . 
O v e r a l l t h e - l a r g e s t p e a k h e i g h t r e s p o n s e f o r 
t h e t h r e e m e t a l s was i n DDW s o l u t i o n , a l t h o u g h t h e r e 
was l i t t l e t o c h o o s e b e t w e e n any o f t h e f o u r s y s t e m s 
f o r c o b a l t p e a k h e i g h t r e s p o n s e . The l o w e s t . peak 
h e i g h t r e s p o n s e o f t h e m e t a l s was i n c i t r a t e s o l u t i o n 
a p o s s i b l e e x p l a n a t i o n b e i n g t h e c o m p l e x a t i o n o f 
c i t r a t e t o m e t a l i o n , c a u s i n g a d e e p e r p e n e t r a t i o n 
o n t o t h e p r e c o n c e n t r a t i o n c o l u m n a n d when b a c k f l u s h e d 
a s l i g h t l y b r o a d e r b u t l o w e r p e a k h e i g h t i s o b s e r v e d . 
On s t a n d i n g 24 h o u r s , a r e p e a t a n a l y s i s showed a 
d e c r e a s e i n t h e p e a k h e i g h t r e s p o n s e f o r a l l t h r e e 
m e t a l s made up' i n DDW (a s i m i l a r o b s e r v a t i o n i s 
r e p o r t e d by C a s s i d y and E l c h u k ( 5 3 ) ) . H i g h e r b l a n k s 
w e r e o b t a i n e d f o r n i c k e l and i r o n i n n i t r i c a c i d 
s o l u t i o n , p r e s u m a b l y due t o t h e g r e a t e r a b i l i t y o f 
t h e n i t r i c a c i d t o l e a c h m e t a l s f r o m w e t t e d 
c o m p o n e n t s . No c h a n g e was o b s e r v e d w i t h e i t h e r t h e 
c i t r a t e o r LBS s o l u t i o n s . T h e r e f o r e , c o n t r o l 
s t a n d a r d s s t a b l i s e d i n O.OOIM c i t r a t e s o l u t i o n and 
LBS, w e r e u s e d t o e v a l u a t e t h e p e r f o r m a n c e o f t h e 
p r e c o n c e n t r a t i o n s y s t e m . 
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3.3 I n v e s t i g a t i o n o f t h e p r e c o n c e n t r a t i o n s y s t e m . 
The e f f e c t i v e n e s s o f t h e p r e c o n c e n t r a t i o n s y s t e m 
f o r t h e d e t e r m i n a t i o n o f c o b a l t a t t h e r e q u i r e d 
c o n c e n t r a t i o n was i n v e s t i g a t e d by c o n s i d e r a t i o n o f : -
3.3.1 s y s t e m c o n t a m i n a t i o n 
3.3.2 r e p r o d u c i b i l i t y o f a n a l y s i s 
3.3.3 q u a n t i t a t i v e p e r f o r m a n c e 
3.3.4 s t a b i l i t y o f l o w m e t a l c o n c e n t r a t i o n s (ngml""^) 
3.3.5 d e t e c t i o n l i m i t o f t h e d e v e l o p e d s y s t e m 
3.3.1 S y s t e m c o n t a m i n a t i o n -
C o n t a m i n a t i o n i s one o f t h e m a j o r p r o b l e m s o f 
u l t r a - t r a c e l e v e l w o r k - Sample e n r i c h m e n t p r o c e d u r e s , 
s u c h as p r e c o n c e n t r a t i o n o n t o a s e p a r a t e c o l u m n , a l s o 
c o n c e n t r a t e any c o n t a m i n a n t s p r e s e n t - T h e r e f o r e , s i n c e 
i t m i g h t be n e c e s s a r y t o c o n c e n t r a t e up t o 200ml o f 
s a m p l e , t h e p u r e s t r e a d i l y a v a i l a b l e g r a d e s o f 
r e a g e n t s w e r e u s e d . I n a d d i t i o n , any l e a c h i n g o f 
m e t a l s f r o m t h e p r e c o n c e n t r a t i o n s y s t e m c o u l d r e s u l t 
i n s i g n i f i c a n t c o n t a m i n a t i o n - C o n s e q u e n t l y s t a i n l e s s 
s t e e l c o m p o n e n t s w e r e k e p t t o an a b s o l u t e minimum. 
The p r e c o n c e n t r a t i o n s y s t e m c o n s i s t e d o f a 
t i t a n i u m p r e c o l u m n , PTFE t u b i n g , w i t h t h e s t a i n l e s s 
s t e e l s a m p l e pump i n l e t f i l t e r r e m o v e d and PTFE f r i t s 
s u b s t i t u t e d f o r t h e s t a i n l e s s s t e e l f r i t s , u s e d a s 
c o l u m n bed s u p p o r t s . 
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3.3.2 R e p r o d u c i b i l i t y o f A n a l y s i s , 
The r e p r o d u c i b i l i t y o f a n a l y s i s a t b o t h t h e I n g 
and l O n g ml~"^ l e v e l s , was d e t e r m i n e d f o r f r e s h l y 
p r e p a r e d s t a n d a r d s t h r o u g h o u t a w o r k i n g d a y . I n e a c h 
c a s e a t o t a l w e i g h t o f 50ng was p r e c o n c e n t r a t e d f o r 
e a c h d e t e r m i n a t i o n . T a b l e 4 shows t h e b l a n k c o r r e c t e d 
peak h e i g h t r e s p o n s e o f c o b a l t and t h e s t a t i s t i c a l 
i n t e r p r e t a t i o n o f t h e s e r e s u l t s . 
T a b l e 4 
R e p r o d u c i b i l i t y o f A n a l y s i s 
C i t r a t e 
s o l u t i o n s 
LBS 
s o l u t i o n s 
l O p p b I p p b l O p p b I p p b 
63 54 52 45 
66 54 54 39 
65 53 49 36 
69 56 54 37 
70 54 56 39 
69 55 57 4 1 
53 40 
52 38 
Mean 67 54 54 39 
s t d . d e v i a t i o n 2.5 1.2 2.6 6,3 
C o - e f f . o f 3.8% 2.2% 4.9% 6.4% 
v a r i a t i o n 
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3.3.3 Q u a n t i t a t i v e P e r f o r m a n c e . 
I n o r d e r t o i n v e s t i g a t e t h e q u a n t i t a t i v e 
r e s p o n s e o f t h e p r e c o n c e n t a t i o n c o l u m n , d i f f e r e n t 
c o n c e n t r a t i o n s o f c o b a l t i n d i f f e r i n g v o l u m e s o f b o t h 
c i t r a t e a n d LBS s t a b i l i s e d s t a n d a r d s o l u t i o n s w e r e 
a n a l y s e d . The r e s u l t s a r e shown i n T a b l e 5 a n d 
p l o t t e d as peak h e i g h t a g a i n s t w e i g h t c o n c e n t r a t e d i n 
F i g u r e s 9 and 10. The a b s o l u t e a m o u n t s o f c o b a l t 
p r e c o n c e n t r a t e d v a r y i n g f r o m 2.5 t o lOOng. 
T a b l e 5 
Q u a n t i t a t i v e R e s p o n s e o f P r e c o n c e n t r a t i o n C o l u m n 
C i t r a t e S t a b i l i s e d S o l u t i o n s 
V olume Conc- W e i g h t C o r r e c t e d Norma 1 i s e d * 
( m l ) ng ml ( n g ) Peak H e i g h t Peak H e i g h t 
10 10 100 146 146 
5 10 50 71 142 
25 1.0 25 39 156 
10 1.0 10 14 140 
200 0.1 20 28 140 
100 0.1 10 14 140 
25 0.1 2.5 4 160 
L i t h i u m B o r a t e S o l u t i o n s 
100 1.0 100 182 182 
54 1.0 54 86 159 
25 1.0 25 39 156 
190 0.1 19 34 179 
100 0.1 10 17 170 
50 0.1 5 8.5 170 
25 0.1 2. 5 3.8 150 
Peak h e i g h t has b e e n n o r m a l i s e d t o g i v e t h e r e s p o n s e 
e q u i v a l e n t t o lOOng o f c o b a l t p r e c o n c e n t r a t e d . 
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F i g u r e 9 
B l a n k C o r r e c t e d Peak H e i g h t ResponseC^^*^ 
v s W e i g h t L o a d e d ( n g ) F o r C o b a l t i n C i t r a t e 
P 150 
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F i g u r e 10 . 
B l a n k C o r r e c t e d Peak H e i g h t R e s p o n s e 










3.3.4 S t a b i l i t y o f Low M e t a l I o n C o n c e n t r a t i o n s 
F o l l o w i n g on f r o m t h e i n i t i a l i n v e s t i g a t i o n , t h e 
l o n g t e r m s t a b i l i t y o f t h e s e v e r y l o w c o n c e n t r a t i o n s 
o f m e t a l i o n s i n s o l u t i o n was a s s e s e d . S o l u t i o n s o f 
b o t h c i t r a t e a nd LBS w e r e u s e d t o s t a b i l i s e m e t a l 
i o n s a t I n g a n d l O n g m l " ^ c o n c e n t r a t i o n s . The r e s u l t s 
a r e p r e s e n t e d as t h e c o b a l t p e a k h e i g h t o f t h e a g e d 
s a m p l e d i v i d e d by t h e c o b a l t p e a k h e i g h t o f a f r e s h l y 
p r e p a r e d s t a n d a r d and p l o t t e d a g a i n s t t i m e 
( t h u s a l l o w i n g f o r a n y v a r i a t i o n i n p eak h e i g h t 
r e s p o n s e a r i s i n g f r o m d a i l y p r e p a r a t i o n o f e l u e n t a n d 
p o s t c o l u m n r e a g e n t ) - The r a t i o s o b t a i n e d o v e r a n i n e 
d a y p e r i o d a r e shown i n T a b l e 6. 
T a b l e 6 
N i n e Day S t a b i l i t y T r i a l 
LBS C i t r a t e 
H o u r s Peak H e i g h t R a t i o Peak H e i g h t R a t i o 
a ged a g e d / f r e s h a g e d / f r e s h 
0 103/103 1.00 108/108 1.00 
48 103/107 0.96 127/114 1,11 
120 116/102 1.14 1 1 2 / 1 0 1 1,11 
144 111/126 0.88 130/140 0.93 
168 127/117 1.09 127/130 0.98 
192 133/128 1.04 168/158 1.06 
216 142/158 0.90 161/168 0.96 
Mean 1.00 1.02 
S t d D e v i a t i o n 0.09 0-07 
C o - e f f o f V a r i a t i o n 8.9% 6.6% 
Sample s i z e lOOng. 
Sample c o n c e n t r a t e d f r o m a l O n g ml--"- C o b a l t s o l u t i o n . 
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A s i m i l a r procedure was adopted f o r the Ing n l ~ l 
s o l u t i o n s - The c o b a l t was s t a b i l i s e d on i t s own and 
as p a r t of a mixed metal standard- 40ng samples were 
concentrated and r a t i o s obtained over a 7 day pe r i o d 
are shown i n Table 7. 
Table 7 
Seven Day S t a b i l i t y T r i a l 
Cobalt Standard Mixed Metal Std 
Hours Peak Height Ratio Peak Height Ratio 
aged aged/fresh aged/fresh 
0 81/80 1.01 80/80 1.00 
24 76/74 1-03 77/74 1,04 
48 62/65 0,95 60/65 0.92 
72 79/79 1.00 77/79 0.97 
144 75/77 0.97 75/77 0-97 
168 80/83 0.96 78/83 0-94 
Mean • 0.99 . 0.97 
Std D e v i a t i o n 0.03 0,04 
Co-eff of V a r i a t i o n 2.9% 4.0% 
LBS s t a b i l i s i n g S o l u t i o n 
Cobalt Standard Mixed Metal Std 
Hours Peak Height Ratio Peak Height Ratio 
aged aged/fresh aged/fresh 
0 49/49 1.00 56/56 1.00 
24 47/36 1.31 44/36 1.22 
48 36/46 0. 78 39/46 0.85 
72 61/57 1.07 49/57 0,86 
144 56/66 0.85 54/66 0.82 
168 68/58 1.17 39/58 0.67 
Mean 1.03 0,90 
Std D e v i a t i o n 0.18 0,17 
Co-eff of V a r i a t i o n 17.5% 18.9% 
sample si z e 4 0ng concentrated from e i t h e r Ing ml"-^ 
c o b a l t or mixed metal s o l u t i o n s 
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3.3.5 D e t e c t i o n L i m i t . 
The l a r g e p r econcentrated volumes used f o r the 
q u a n t i t a t i v e performance were a l s o used t o determine 
the d e t e c t i o n l i m i t . For t h i s work t h e d e t e c t i o n 
l i m i t was d e f i n e d as t h r e e times the base l i n e noise. 
Chromatograms o f the l a r g e p r e c o n c e n t r a t e d volumes of 
0.1 ppb c o b a l t s t a b i l i s e d s o l u t i o n , t o g e t h e r w i t h 
a p p r o p r i a t e blanks, are shown i n Fi g u r e s 11 and 12. 
Chromatographic c o n d i t i o n s were as f o l l o w s : -
100mm X 4.6mm Aminex' A9 column, 
e l u e n t 0.2M t a r t a r i c a c i d pH4.3; f l o w r a t e 1.5ml min"^. 
d e t e c t i o n by post column r e a c t i o n w i t h 
7 X lO'^M EBTat pH 9 
wavelength X m^ix = 610nm 
.8-10.2, f l o w r a t e 1-Oml min-1 
82 
Figure 11 
Chromatoqrams of C i t r a t e S t a b i l i s e d S o l u t i o n s 
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The r e p r o d u c i b i l i t y experiments r e p o r t e d i n 
Table 4, shov; t h a t repeat a n a l y s i s of t h e same 
s o l u t i o n was very good, as r e f l e c t e d by the standard 
d e v i a t i o n and c o - e f f i c i e n t of v a r i a t i o n obtained f o r 
each of the standard s o l u t i o n s . Also the s t a b i l i t y 
of standards prepared i n e i t h e r c i t r a t e , or LBS i s 
demonstrated throughout a working day, a t both the 
Ing ml""^ and lOng ml-?- c o n c e n t r a t i o n l e v e l s . 
D i f f e r e n c e s i n peak h e i g h t response f o r 50ng 
preconcentrated from a Ing ml"-^ s o l u t i o n , t o t h a t of 
a lOng ml"^ s o l u t i o n , i s most l i k e l y a t t r i b u t e d t o a 
s l i g h t e r r o r i n measuring the. lo a d i n g of a 5ml sample 
as compared t o a 50ml sample. 
The q u a n t i t a t i v e performance of the d e t e c t o r 
(Table 5 ) , using LBS and c i t r a t e s t a b i l i s e d s o l u t i o n s 
was c a r r i e d out on separate days. The peak h e i g h t 
response of c o b a l t i n both c i t r a t e and LBS gave 
s t r a i g h t l i n e graphs, which i s i n agreement w i t h the 
r e s u l t s of the p r e l i m i n a r y experiment^Table 3 and 
Figure ?) and h i g h l i g h t s the f a c t t h a t performance i s 
weight and not volume or c o n c e n t r a t i o n dependant. The 
s l i g h t l y lower response f o r c o b a l t i n c i t r a t e , which 
was p r o p o r t i o n a l over the weight range 2.5 t o lOOng, 
suggests e i t h e r peak h e i g h t suppression, an e r r o r i n 
s o l u t i o n p r e p a r a t i o n , or more l i k e l y the v a r i a t i o n i n 
reagent p r e p a r a t i o n which a f f e c t s the day-to-day 
response. 
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The v a r i a b i l i t y i n peak h e i g h t response, which on 
occasion i s s i g n i f i c a n t l y d i f f e r e n t , a r i s e s from 
measuring peak h e i g h t r a t h e r than peak area. Peak 
area v;as not measured because v a r i a t i o n i n the 
ba s e l i n e made i t impossible f o r the equipment used t o 
a c c u r a t e l y measure areas. Consequently s l i g h t changes 
i n e l u e n t c o n d i t i o n s may e f f e c t day-to-day peak 
h e i g h t response, w i t h o u t changing the area under the 
peak. Consequently d a i l y c a l i b r a t i o n of the system i s 
r e q u i r e d i n order t h a t accuracy and p r e c i s i o n of the 
determinands w i l l not be a f f e c t e d . 
The r e s u l t s f o r the long term s t a b i l i t y t r i a l s 
of the lOng ml--'- s o l u t i o n s (Table 6 ) , show no 
n o t i c a b l e d e t e r i o r a t i o n over the nine day p e r i o d , as 
evidenced by the standard d e v i a t i o n and c o - e f f i c i e n t 
of v a r i a t i o n produced from the r a t i o s of both sets o f 
s o l u t i o n s . 
The r e s u l t s of the Ing ml"-'- c i t r a t e s t a b i l i s e d 
s o l u t i o n s (Table 7 ) , p o i n t t o a s i m i l a r c o n c l u s i o n . 
I n a d d i t i o n , t here i s no apparent d i f f e r e n c e i n 
response f o r c o b a l t whether on i t s own or i n a mixed 
metal standard. However, f o r the Ing ml"''' LBS 
s t a b i l i s e d s o l u t i o n s t h e r e i s c l e a r l y a more v a r i e d 
response. The standard d e v i a t i o n and c o - e f f i c i e n t of 
v a r i a t i o n shows the u n s u i t a b i l i t y of LBS f o r long 
term storage of low l e v e l (<lng ml-1 ) stock 
s o l u t i o n s -
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The d e t e c t i o n l i m i t f o r c o b a l t determined from 
Figures 11 and 12 ( a t t h r i c e the peak t o peak 
baseline n o i s e ) , was, a f t e r blank c o r r e c t i o n , 
approximately lOpg ml"-^ ( l O p p t ) . Contamination 
a r i s i n g from the b o r i c a c i d was p a r t i c u l a r l y 
n o t i c e a b l e f o r c o b a l t and magnesium and t o a lesser 
ex t e n t z i n c , since a 200ml c i t r a t e reagent blank 
(Figure 12) gave much lower peak h e i g h t s f o r these 
metals, the c o b a l t peak h e i g h t being reduced by a 
f a c t o r of 6. I r o n l e v e l s were lower i n LBS than 
c i t r a t e probably due t o the g r e a t e r a b i l i t y of 
c i t r a t e s o l u t i o n t o leach metals from the small 
amount of wetted 316 s t a i n l e s s s t e e l components. The 
n i c k e l and i r o n contamination was of an acceptable 
l e v e l , because the expected c o n c e n t r a t i o n s i n the 
primary c o o l a n t are of 2 t o 3 orders of magnitude 
higher than those obtained from the c i t r a t e blank. 
3.5 Conclusions. 
This work demonstrates the a b i l i t y of the HPLC 
systems t o determine c o b a l t a t pg ml-"^ c o n c e n t r a t i o n s 
i n the sample ma t r i x of the primary c o o l a n t of a PWR. 
The performance of the p r e c o n c e n t r a t i o n system gave 
acceptable r e p r o d u c i b i l i t y w i t h good l i n e a r response 
over two orders of magnitude (2.5ng - lOOng). 
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The s t a b i l i t y t r i a l s i n d i c a t e the f e a s i b i l t y of the 
storage of samples at c o n c e n t r a t i o n s of >lng ml-^. , 
f o r a t l e a s t seven days w i t h o u t a d s o r p t i o n losses 
when s t a b i l i s e d by c i t r a t e b u f f e r . 
Reproducibi1ty of a n a l y s i s throughout a working 
day a t the Ing ml-1 l e v e l i s very good. Thus d a i l y 
prepared metal s o l u t i o n s i n e i t h e r LBS or c i t r a t e 
w i l l have acceptable s t a b i l i t y f o r a n a l y s i s . LBS i s 
the favoured choice, since t h i s matches the m a t r i x of 
the PWR c o o l a n t which i s t o be analysed i n l a t e r 
work. 
The HPLC system i s e a s i l y automated and o f f e r s 
considerable f l e x i b i l i t y , w i t h e a s i l y changed 
p r e c o n c e n t r a t i o n and a n a l y t i c a l columns, the 
precolumn also a c t i n g as a guard column- Sample 
volumes may be v a r i e d t o s u i t requirements of e i t h e r 
time or l i m i t of d e t e c t i o n and the post column 
reagents can be s e l e c t e d t o vary both s e n s i t i v i t y and 
s e l e c t i v i t y . 
I f necessary the l i m i t of d e t e c t i o n can be 
reduced f u r t h e r by a r e d u c t i o n i n the blank 
contamination. This can be achieved by a d d i t i o n a l 
p u r i f i c a t i o n of reagents using techniques such as 
r e c r y s t a l l i s a t i o n , manganese d i o x i d e p r e c i p i t a t i o n 
and constant e l e c t r o l y s i s a t a mercury pool 
e l e c t r o d e . 
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3.6 W i n f r i t h T r i a l . 
To evaluate the above developed system under 
s i t e c o n d i t i o n s , equipment from Plymouth P o l y t e c h n i c 
was taken t o W i n f r i t h f o r a two week p e r i o d t o 
analyse samples o b t a i n e d from a u t o c l a v e s . 
3.6.1 Experimental. 
The autoclave f a c i l i t y a t w i n f r i t h Atomic Energy 
Establishment (Figure 1 3 ) , c o n s i s t e d of f o u r separate 
s t a i n l e s s s t e e l pressure vessels f e d from a common 
make up source. The aut o c l a v e was a once through 
system of the f o l l o w i n g dimensions 3.4cm i . d . x 89cm 
lo n g , w i t h an i n t e r n a l s u r f a c e area of 943cm'^ and a 
volume of 820cm"^- Make up feed waters w i t h the 
chem i s t r y adjusted p r i o r t o i n j e c t i o n , was f e d t o the 
auto c l a v e a t 16ml m i n ~ l . The system was maintained 
under a hydrogen atmosphere t o ensure reducing 
c o n d i t i o n s favourable f o r minimal c o r r o s i o n . 
The high temperature f i l t e r , a 0.45nm s i l v e r 
membrane was kept a t 305°C and 2200psi, ensuring t h a t 
o n l y s o l u b l e species would pass beyond t h i s p o i n t 
along the sampling c a p i l l a r y l i n e and through the 
c a p i l l a r y pressure drop s e c t i o n . An expanded view of 
t h i s • i s shown i n Figure 14. 
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F i g u r e 13 
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1 = Source 
2 = Autoclave Wall 
3 = High Temperature Filter Membrane 
4 = Filter Body, Flow Spreader. Support Screen 
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Two sets of. experiments were c a r r i e d o ut on the 
auto c l a v e r i g water. 
The f i r s t was the c o l l e c t i o n and a n a l y s i s of 
l a r g e volume samples, which had passed through the 
auto c l a v e under i t s normal o p e r a t i n g c o n d i t i o n s o f 
305°C and 2200psi (Table 8 ) . 
The second experiment was designed t o monitor 
v a r i a t i o n s i n s o l u b l e t r a n s i t i o n metal species, 
p a r t i c u l a r l y c o b a l t , w i t h changes i n the o p e r a t i n g 
temperature of the a u t o c l a v e . The aut o c l a v e was 
allowed t o coo l down q u i c k l y by removing i t s 
i n s u l a t i o n packing and using a c o l d a i r blower. The 
temperature was then s e t t o 50°C and l e f t o v e r n i g h t 
to e q u i l i b r a t e , a sample of 400ml being c o l l e c t e d . 
The f o l l o w i n g day the o p e r a t i n g temperature of the 
auto c l a v e was increased i n ap p r o x i m a t e l y 50°C steps 
and 50ml samples were c o l l e c t e d a f t e r s t a b i l i s a t i o n 
of each temperature step (a process which u s u a l l y 
took 15-20 minutes). -Each 50ml sample was 
preconcentrated a t 2ml min"^, backflushed o f f t h e 
p r e c o n c e n t r a t i o n column onto the a n a l y t i c a l column, 
separated and determined by post column r e a c t i o n w i t h 
EST. 
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3.6.2 Results and C a l c u l a t i o n s . 
3-6.2.1 Experiment One 
Peak h e i g h t data f o r c o b a l t from t h e f i r s t 
experiment was t a b u l a t e d (Table 8 ) . 
Table 8 
Autoclave Rig Samples 
Sample Cobalt Peak Blank C o r r e c t e d 
Height (mm) Peak Height 
lOOml blank 1 
100ml blank 1 
300ml Rig L 7 4 
400ml Rig L 8 4 
700ml Rig L 14 7 
Standards 
13ml lOppb 107 107 
26ml lOppb 207 103.5* 
* Normalised t o g i v e an e q u i v a l e n t peak h e i g h t f o r 
130ng of c o b a l t p r e c o n c e n t r a t e d . 
Using the peak h e i g h t from t h e 130ng c o b a l t standard 
For the blank s o l u t i o n s : -
1x130 = 12 pg m l ~ i 
100x107 
For 300 mis of blank c o r r e c t e d Rig L:-
4x130 = 19 pg ml~^ 
300x107 
4x130 = 12 pg ml'^ 
For 400 mis of blank c o r r e c t e d Rig L 
400x107 
For 700 mis of blank c o r r e c t e d Rig L 
7x130 = 12 pg ml ^ 
700x107 
93 
3-6.2.2 Experiment Two 
S i m i l a r o p e r a t i n g c o n d i t i o n s p r e v a i l e d f o r the 
second experiment and an e s t i m a t i o n of the 
c o n c e n t r a t i o n of metals present, was made using 
blanks and standards from the previous experiment. 
The r e s u l t s obtained are shown i n Table 9. 
Table 9 




Autoclave Operating Temperatures 
N i c k e l , Cobalt, Manganese 
pg ml 
390 
11 pg ml 
43 






c o l l e c t e d 
o v e r n i g h t 380 
@ 50.C 
50ml Rig-L 
@ 50.C 400 
50ml Rig-L 
@ 80.C 450 
50ml Rig-L 
@ 150.C 600 
50ml Rig-L 
@ 220.C 310 
50ml Rig-L 
(3 270.C 240 
50ml Rig-L 
























Examination of the c o b a l t r e s u l t s from the f i r s t 
experiment shows good general agreement f o r each 
sample c o l l e c t e d . System blank l e v e l s f o r c o b a l t were 
determined t o be 12ppt and blank s u b t r a c t e d l e v e l s 
f o r c o b a l t i n the r i g water v a r i e d between 11-20 ppt. 
O v e r a l l c o n s i d e r a t i o n of the r e s u l t s from the 
second experiment show a decrease i n s o l u b i l i t y f o r 
a l l the metal species detected w i t h an increase i n 
the r i g o p e r a t i n g temperature. At 150°C t h e r e appears 
to have been an increase i n the s o l u b i l i t y of c o b a l t 
and n i c k e l . This phenomenon was not a l t o g e t h e r 
unexpected, since i t i s observed a t both r e a c t o r 
shutdown and s t a r t u p . I t i s termed thermal shock and 
r e f e r s t o a release of the deposited metal species 
around the c i r c u i t i n t o s o l u t i o n and i s u s u a l l y 
o 
observed i n the 90 C r e g i o n . 
The d e t e c t o r was c l e a r l y able t o measure the 
increased s o l u b l e c o b a l t i n p u t i n t o the system- The 
c o n c e n t r a t i o n changing from 43pg ml-^ i n the feed 
water and 57pg ml"-*- i n the r i g water @80° C t o lOOpg 
ml~-^ i n the Rig water at 150°C. As the temperature 
increases beyond 150''c t h e r e i s a marked r e d u c t i o n of 
c o n c e n t r a t i o n f o r a l l the species i n s o l u t i o n , 
a r i s i n g from the decrease i n s o l u b i l i t y of metal ions 
i n water a t elevated temperatures. 
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I n t e r e s t i n g l y even a t 50°C, manganese and magnesium 
i n the feed water was e i t h e r deposited onto surfaces 
or p r e c i p i t a t e d out of s o l u t i o n . 
3.6-4 Conclusions. 
The HPLC system e x h i b i t e d i t s p o t e n t i a l f o r 
measuring s o l u b l e c o b a l t a t sub-ppb c o n c e n t r a t i o n 
l e v e l s . The t r i a l a t W i n f r i t h , showed the s e n s i t i v i t y 
of the d e t e c t i o n system f o r m o n i t o r i n g changes i n 
the c o n c e n t r a t i o n of species i n s o l u t i o n , associated 
w i t h known t r a n s i e n t s i n o p e r a t i o n and h i g h l i g h t e d 
the very low s o l u b i l i t y of metal species i n aqueous 
s o l u t i o n a t elevated temperatures- The systems 
v e r s a t i l i t y was also demonstrated . by i t s ease and 




Eva l u a t i o n of Post Column Detector 
4.1 I n t r o d u c t i o n . 
A primary c o n s i d e r a t i o n throughout t h i s work has 
been the development of the system f o r automated 
a n a l y s i s . I n order t o s u c e s s f u l l y achieve t h i s , a 
s t a b l e s e p a r a t i o n and d e t e c t i o n system i s e s s e n t i a l . 
Eriochrome black T (EBT), since i t s f i r s t 
i n t r o d u c t i o n i n 1948(171), gained wide acceptance as 
an i n d i c a t o r f o r photometric metal d e t e r m i n a t i o n s 
( e s p e c i a l l y f o r Ca & Mg), d e s p i t e i t s i n s t a b i l i t y i n 
aqueous s o l u t i o n . I n • 1960 D i e h l and E l l i n g b o e 
s t u d i e d twenty s i x azo dyes. They concluded t h a t the 
minimum s t r u c t u r a l requirement t h a t made them 
s u i t a b l e as Ca and Mg i n d i c a t o r s was the presence of 
two hydroxyl groups; The p o s i t i o n s of which were 
o r t h o and o r t h o ' r e s p e c t i v e l y t o the azo 
grouping(172). I n s t u d y i n g the s t a b i l i t y of azo dyes 
and p a r t i c u l a r l y EBT, D i e h l and L i n d s t r o n a t t r i b u t e d 
the i n s t a b i l i t y of c e r t a i n azo dyes t o the presence 
of an o x i d i s i n g n i t r o group(173). I n order t o prolong 
the s t a b i l i t y of these azo dyes i n aqueous s o l u t i o n , 
they synthesised a number of azo dyes w i t h o u t a n i t r o 
group i n an attempt t o match the i n d i c a t o r p r o p e r t i e s 
of EBT. 
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Their work l e d t o the i n t r o d u c t i o n o f a new 
i n d i c a t o r . 1-(l-hydroxy-4-methy1-2-phenylazo)-2-
naphthol-4-sulphonic a c i d , g i v i n g i t the common name 
Calmagite. Figures 15 & 16, show the s t r u c t u r e s of 
EBT and Calmagite. 
Figure 15 




M = N SO.H 
Calmagite 
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Calmagite, i s g e n e r a l l y accepted as the s t a b l e 
a l t e r n a t i v e t o EBT. I t has been used as a 
metallochromic i n d i c a t o r f o r a number of k i n e t i c 
s t u d i e s and spec t r o p h o t m e t r i c metal d e t e r m i n a t i o n s . 
Huffman & Dean st u d i e d the r e a c t i o n k i n e t i c s of 
aluminium-EDTA and c o b a l t ( I I ) - EDTA complexes(174) , 
using Calmagite t o r e a c t w i t h the metal thereby 
d i s p l a c i n g the EDTA. B r i t t a i n used Calmagite f o r the 
spectrophotometric d e t e r m i n a t i o n of lantha n i d e s (175) 
and Flaschka & Sawyer(176), f o r a l k a l i n e e a r t h 
d e t e r m i n a t i o n s . 
The use of EBT i s l i m i t e d f o r t h i s a p p l i c a t i o n , 
by i t s s h o r t o p e r a t i o n a l s h e l f l i f e . I t i s proposed 
t h e r e f o r e , t o study the replacement of EBT " w i t h 
Calmagite, determining i t s p o t e n t i a l as an i n d i c a t o r 
i n the developed post column r e a c t i o n system. 
The column m a t e r i a l Aminex A9 was al s o causing 
some problems, having a maximum o p e r a t i n g pressure of 
3000psi- Replacement of Aminex A9 w i t h a s i m i l a r 
styrene d i v i n y l benzene copolymer, Benson ,BC-X10, 
(Benson Corp o r a t i o n P.O. Box 12812 Reno, Nevada, 
U.S.A.), i s rep o r t e d upon. 
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4.2 P r o p e r t i e s of Calmaqite. 
C a l n a g i t e i s a r e d d i s h brown powder t h a t 
d i s s o l v e s r a p i d l y i n mild' a l k a l i n e c o n d i t i o n s ( p H 9 ) , 
t o give an u l t r a m a r i n e blue c o l o u r e d s o l u t i o n . I t 
f u n c t i o n s as an acid-base i n d i c a t o r : -
low pH _ pH7.1-9.1 PHll.4-13.3 
H 3 D > V HD- = 
B r i g h t red Wine red Blue Reddish 
orange 
Where D represents the n e u t r a l Calmagite molecule and 
H s u b s c r i p t i n d i c a t e s the number of i o n i s a b l e protons 
attached t o the molecule. The pKa values o f the two 
phenolic groups are 8.1 and 12.4, w i t h c o l o u r changes 
of wine red t o blue a t pHS.l and blue t o orange a t 
p H l l - 5 . The a d d i t i o n of a r e a c t i v e metal gives a wine 
red c o l o u r a t i o n by displacement of a p r o t o n . 
Consequently the pH o f the.post column reagent p r i o r 
t o r e a c t i o n w i t h any e l u t e d metal species needs to be 
between pH8.1 and 12-4. A pH of 10.2 has been shown 
to g i ve an a b s o r p t i o n spectra (HD-) w e l l separated 
from t h a t of H2D"(173). 
4-3 Experimental procedures. 
The s t a b i l i t y of the post column (PC) reagent, 
Calmagite, was assessed i n t h r e e ways, ( i ) by 
p l o t t i n g the spectrum over the wavelength range 400-
800nm, ( i i ) by v i s u a l o b s e r v a t i o n of the working 
s o l u t i o n f o r p r e c i p i t a t i o n , d i s c o l o u r a t i o n e t c . , and 
( i i i ) by i t s performance as a PC reagent i n the 
developed system-
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A 4% working s o l u t i o n (250ml) was prepared and 
stored i n a po l y e t h y l e n e c o n t a i n e r (the p r e p a r a t i o n 
of the working s o l u t i o n being the same as t h a t used 
f o r EBT, described i n Chapter t w o ) . 20ml of the 
reagent was mixed w i t h 30ml of f r e s h l y prepared 0.2M 
t a r t a r i c a c i d (pH4.5) and a spectrum recorded w i t h a 
max 0.4 absorbance. To the s o l u t i o n i n the 
c u r v e t t e , was added S O M I of lOppm c o b a l t i n l i t h i u m 
borate s o l u t i o n and a second spectrum recorded- The 
d i f f e r e n c e between the two s p e c t r a , h i g h l i g h t s the 
s h i f t f o l l o w i n g r e a c t i o n of the reagent w i t h the 
metal. M o n i t o r i n g of the working s o l u t i o n was 
performed immediately a f t e r p r e p a r a t i o n , and once a 
week over a three week p e r i o d . For comparison spectra 
of the aged EBT working s o l u t i o n were a l s o produced. 
The a n a l y t i c a l system i n v o l v e d Benson BC-XIO 
inst e a d of Aminex A9 and Calmagite i n place of EBT. 
Experiments were i n i t i a l l y t r i e d o ut i n the 
l a b o r a t o r y , f o l l o w e d by o p e r a t i o n a l experience a t 
A.E-E-Winfrith, a n a l y s i n g water from the h a l f 
megawatt loop(HMD. 
4.3.1 Half Megawatt loop. 
The HML i s an a l l s t a i n l e s s s t e e l loop, 
c o n s t r u c t e d i n 1" nominal bore p i p i n g and equipped 
w i t h a c i r c u l a t i n g pump, producing a f l o w r a t e i n the 
main c i r c u i t of 50 l i t r e s min "A a t a v e l o c i t y of 2.1 
metres sec"^. A general o u t l i n e of the loop i s shown 
i n f i g u r e 17. 
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Figure 17 
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The t o t a l loop c a p a c i t y i s 131 l i t r e s , w i t h a 
c i r c u l a t i n g volume of 71 l i t r e s , 48 l i t r e s i n the 
p r e s s u r i s e r and the remaining 12 l i t r e s i n c i r c u i t 
by-pass l i n e s and i o n exchange p l a n t . Maximum working 
temperature and pressure are 355"C and 2500 p s i , the 
loop normally o p e r a t i n g a t 305°C and 2200psi, w i t h a 
maximum preheater power of 50KW a v a i l a b l e a t 415V AC. 
The loop was o r i g i n a l l y designed f o r 450KW o p e r a t i o n 
hence i t s name. 
Samples were c o l l e c t e d v i a a t h r o t t l e d 1/8" 
nominal bore a n a l y t i c a l sample l i n e of approximately 
300ml. C o l l e c t i o n of samples was a t ambient 
temperature and pressure. I n s o l u b l e p a r t i c u l a t e s were 
f i l t e r e d o n - l i n e , using 0.45pm membrane f i l t e r s -
Since the c o o l a n t contained 25cc/Kg of d i s s o l v e d 
hydrogen, i t was necessary t o f i r s t degas the sample 
t o prevent bubble f o r m a t i o n , i n e i t h e r the sample 
pump or chromatography system. Degassing was achieved 
using a simple constant head device. .The f l o w r a t e i n 
the sampling l i n e was 10ml min-1, keeping residence 
time between loop c i r c u i t and sample c o l l e c t i o n p o i n t 
t o 30 minutes. Samples were loaded onto the 
pr e c o n c e n t r a t i o n column a t 2ml min-^.. 
The monitoring of the HMW loop water was designed t o 
f i r s t o b t a i n r e p r o d u c i b l e r e s u l t s , f o l l o w e d by a 
feed and bleed t r i a l . 
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The feed & bleed t r i a l i n v o l v e d b l e e d i n g o f f a 
known volume of c o o l a n t (from which samples were 
preco n c e n t r a t e d ) , and simultaneously r e p l e n i s h i n g i t 
w i t h f r e s h feed water. The purpose of the t r i a l was 
t o a s c e r t a i n what e f f e c t s , i f any, would a r i s e from 
a l t e r i n g the steady s t a t e c o n d i t i o n s w i t h i n t h e r i g . 
Rig Operating Parameters 
17.10.84 Feed & Bleed:- S t a r t e d 09.38 
Fin i s h e d 16.02 
18.10.84 Feed & Sleed:- S t a r t e d 09,45 
Finished 13.00 
Rate of change of feed water was 165ml min-rl 
4.4 Results and d i s c u s s i o n . 
4.4.1 Studies of Resin' and Post Column Reagent. 
Laboratory t r i a l s over a f o u r month p e r i o d 
compared the use of Aminex A9 and Benson BC-XIO 
r e s i n s . There was no n o t i c e a b l e d i f f e r e n c e i n e i t h e r 
r e t e n t i o n time or s e n s i t i v i t y . C o n t i n u a l use of 
columns packed w i t h Aminex A9 produced a gradual 
b u i l d up i n back pressure, r e s u l t i n g i n the r e s i n 
c o l l a p s i n g a f t e r approximately t e n weeks. Columns 
packed w i t h the Benson r e s i n remained s t a b l e 
throughout, which tended t o support the manufacturer's 
claim(170) of high s t r u c t u a l s t a b i l i t y ( capable of 
o p e r a t i n g a t pressures up t o 5000psi). 
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This s t a b i l i t y coupled w i t h t h e s l i g h t l y lower 
c a p a c i t y of l.Smeq ml ^  made t h e Benson r e s i n the 
p r e f e r e d choice and t h e r e f o r e was used e x c l u s i v e l y 
f o r t h e remaining e x p e r i m e n t a l work. 
V i s u a l o b s e r v a t i o n o f the working s o l u t i o n s , 
showed no n o t i c a b l e change i n the c o l o u r of t h e aged 
c a l m a g i t e . However, a f t e r twenty f o u r hours t h e EBT 
had changed c o l o u r from a deep blue t o green. 
Spectra obtained f o r Calmagite and EBT working 
s o l u t i o n s are shown i n Figures 18-23, the wavelength 
range was 800-400nm, w i t h an absorbance f u l l s c a l e 
d e f e c t i o n (fsd) of 0.4. Figures 18-21 show t h e r e was 
e s s e n t i a l l y no d e t e r i o r a t i o n i n q u a n t i t a t i v e response 
f o r Calmagite working s o l u t i o n , monitored a t 615nm 
d u r i n g the th r e e week p e r i o d . Figure 22 shows the 
increased q u a n t i t a t i v e response, obtained w i t h EBT. 
Figure 23 c l e a r l y demonstrates the i n s t a b i l i t y o f EBT 
w i t h ageing. For ease of comparison the r e l a t i v e 
absorbance d i f f e r e n c e s o b t a i n e d from Figures 18-23, 
f o r the q u a n t i t a t i v e response of Calmagite and EBT a t 
615nm are gi v e n i n Table 10. 
TABLE 10 
Absorbance d i f f e r e n c e s f o r Calmaqite & EBT 
Calmaqite EBT 
Freshly prepared 0.088 0-118 
aged 7 days 0.100 0.056 
aged 14 days 0.098 
aged 21 days 0.106 
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F i g u r e 18 
F r e s h l y P r e p a r e d C a l m a g i t e 
I 0.02 Absorbance 
Spectrum o f reagent 
Spectrum of reagent w i t h 
0.5pg c o b a l t added 
800 
F i g u r e 19 
C a l m a q i t e aged 7 d a y s 
800 
106 
F i g u r e 20 
C a l m a q i t e aged 14 d a y s 
I ° 02 Absorbance Spectrum of reagent 
Spectrum of reagent w i t h 
0-5pg c o b a l t added 
800 
F i g u r e 21 




F i g u r e 22 
F r e s h l y p r e p a r e d EBT 
I 0.02 Absorbance 
Spectrum of reagent 
Spectrum of reagent w i t h 
O.Spg c o b a l t added 
500 600 700 800 
• F i g u r e 2 3 
EBT aged 7 days 




Laboratory t r i a l s using Calmagite and EBT w i t h 
Benson r e s i n . i n d i c a t e d t h a t s e n s i t i v i t y was about 
20% lower f o r Calmagite than t h a t obtained v/ i t h EBT (a 
f a c t o r which i n f l u e n c e d Hobbs (177) t o choose EBT, 
r a t h e r than the more s t a b l e analog . Comparison of 
the absorbance of f r e s h l y prepared working s o l u t i o n s , 
quoted i n Table 10^  showed a s i m i l a r c o n c l u s i o n . Also 
h i g h l i g h t e d i s the long term s t a b i l i t y of Calmagite 
i n aqueous s o l u t i o n , w i t h evidence t h a t response t o 
c o b a l t ( the species of primary i n t e r e s t ) i s not 
a f f e c t e d by ageing of the -post column reagent. 
The 20% loss i n s e n s i t i v i t y when using Calmagite i s 
not such a drawback f o r t h i s a p p l i c a t i o n , since t h e r e 
i s an .abundance of sample. The d e s i r e d d e t e c t i o n 
l i m i t was simply achieved by c o n c e n t r a t i n g more 
sample onto the p r e c o n c e n t r a t i o n column. 
4.4.2 W i n f r i t h HMW Loop T r i a l . 
The a n a l y t i c a l system was set up a t w i n f r i t h f o r 
two weeks. M o n i t o r i n g s o l u b l e species i n the h a l f 
megawatt r i g , water loop. At t h i s time the r i g had 
only been under the o p e r a t i o n a l c o n t r o l of the 
a n a l y t i c a l chemistry group f o r approximately t h r e e 
weeks and as such the l e v e l s of both s o l u b l e and 
i n s o l u b l e species were unknov;n. By the b e g i n i n g of 
the second week the d e t e c t i o n system had s e t t l e d down^ 
g i v i n g r e p r o d u c i b l e r e s u l t s . During the l a t t e r p a r t 
of the second week the feed and bleed t r i a l commenced 




Feed and Bleed T r i a l 
A l l r e s u l t s quoted i n ng ml""^ 
17,10.84 
Volume Time Zn Ni Co Fe Mn 
(ml) 
50 09.38 0.35 1.8 0.21 45 2.5 
50 10.07 0.40 2.1 0.21 62 3.4 
50 10. 34 0.37 2.2 0.24 74 3.7 
50 11.06 0.32 2.5 0.28 86 4.3 
50 12.46 0.11 0.94 0.16 42 1.5 
50 13.50 0.11 1.2 0.19 48 1.8 
50 14.29 0.09 1.4 0.14 59 2.2 
50 15.33 0.49 1.3 0 .24 ' 63 2,0 
50 16.10 0.09 1.6 0.21 64 2,1 
18 .10.84 
50 09.25 0.07 2.4 0.23 68 2.7 
50 09.58 0.03 2.9 0.23 92 3.5 
50 10.24 0.04 2.4 0.32 72 3.6 
50 11.53 0.08 1.6 0.19 35 2,1 
50 12.54 0.10 1.9 0.19 42 2,0 
50 14 . 44 0.10 1.5 0.16 54 2.5 
50 15.24 0.14 1.8 0.21 55 2.4 
50 11.27 0. 78 >30 3.7 20 36 
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Feed water i n p u t c o n c e n t r a t i o n s f o r zinc, n i c k e l , 
c o b a l t and manganese was a t l e a s t an order of 
magnitude higher than t h a t of species i n the c i r c u i t 
(a s i m i l a r observation was made f o r r i g - L samples 
(p94-96)). The a d d i t i o n of feed water gave no 
increase i n the s o l u b l e c o n c e n t r a t i o n of species 
present. I f anything a decrease i n c o n c e n t r a t i o n 
occurred, the i m p l i c a t i o n of which suggests a very 
low s o l u b i l i t y regime and f a s t p r e c i p i t a t i o n 
k i n e t i c s . I n i t i a l samples c o l l e c t e d a t the b e g i n i n g 
of each day p r i o r t o the feed and bleed t r i a l would 
suggest t h a t d i s s o l u t i o n and a d s o r p t i o n / p r e c i p i t a t i o n 
k i n e t i c s were i n dynamic e q u i l i b r i u m . A f t e r 
approximately two hours (a volume change , of^16%), 
the a d d i t i o n of f r e s h feed water s h i f t e d the balance 
towards a d s o r p t i o n / p r e c i p i t a t i o n , r e s u l t i n g i n a 
bulk d i l u t i o n and hence a r e d u c t i o n i n the measurable 
c o n c e n t r a t i o n of s o l u b l e metal species. F u r t h e r 
a d d i t i o n of f r e s h feed water, showed a very s l i g h t 
r i s e i n c o n c e n t r a t i o n l e v e l s , demonstrating the slow 
e q u i l i b r i u m processess between d i s s o l u t i o n and 
ad s o r p t i o n / p r e c i p i t a t i o n . The r e t u r n o v e r n i g h t t o 
p r e v i o u s l y obtained higher c o n c e n t r a t i o n l e v e l s of 
metal species also i n d i c a t e s a dynamic.equi1ibrium 
t h a t i s temperature dependant (temperature d i r e c t l y 
a f f e c t i n g the s o l u b i l i t y of metal s p e c i e s ) . 
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4.5 Conclusions. 
The work d e t a i l e d i n t h i s chapter demonstrated 
t h a t Calmagite i s a more s t a b l e PC reagent than EBT. 
I t s long term s t a b i l i t y and r e l i a b i l t y f o r the 
r e a c t i o n w i t h c o b a l t i n aqueous s o l u t i o n was shown. 
An obvious advantage of Calmagite i s t h a t i t a llows 
f o r unattended o p e r a t i o n of the d e t e c t i o n system 
d u r i n g weekends. Shortcomings i n i t s s e n s i t i v i t y may 
be overcome by c o n c e n t r a t i n g a l a r g e r sample volume, 
thus s t i l l a c h i e v i n g the d e s i r e d d e t e c t i o n l i m i t . 
Q u a l i t a t i v e comparison of the d i v i n y l benzene-
po l y s t y r e n e r e s i n s , . Aminex A 9 and Benson BC-XIO, 
favours BC-XIO because of i t s g r e a t e r s t r u c t u a l 
r i g i d i t y and t h e r e f o r e o p e r a t i o n a l s t a b i l i t y -
Once again, the r e l a t i v e ease of s e t t i n g up the 
equipment f o r an i n d u s t r i a l a p p l i c a t i o n i s shown. 
Results from the h a l f megawatt r i g h i g h l i g h t e d the 
h i g h l y complex s o l u t i o n k i n e t i c s i n v o l v e d and very 
low s o l u b i l i t y of metal species, i n the regime under 
i n v e s t i g a t i o n . 
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CHAPTER F I V E 
I n i t i a l i n v e s t i g a t i o n o f I n o r g a n i c I o n - E x c h a n g e 
m a t e r i a l s f o r s a m p l i n g PWR P r i m a r y C o o l a n t a t 
T e m p e r a t u r e and P r e s s u r e . 
5-1 I n t r o d u c t i o n . 
The t r a n s p o r t a t i o n o f b o t h s o l u b l e and i n s o l u b l e 
s p e c i e s a r o u n d t h e p r i m a r y c i r c u i t o f a PWR i s o f 
c o n s i d e r a b l e i n t e r e s t . The p r e s e n c e o f s u c h s p e c i e s 
a f f e c t s t h e power o u t p u t , t h e man-rem d o s e and 
t h e r e f o r e t h e econ o m i c v i a b i l i t y o f t h e p l a n t . 
A t p r e s e n t , s o l u b l e s p e c i e s a r e c o l l e c t e d a t 
room t e m p e r a t u r e v i a i s o k i n e t i c s a m p l i n g l i n e s . I n 
o r d e r t o v a l i d a t e t h e a n a l y t i c a l i n t e g r i t y o f sample 
l i n e a r t i f a c t s and s a m p l e s t a k e n a t room t e m p e r a t u r e , 
t h e a b i l i t y t o s a m p l e a t t e m p e r a t u r e and p r e s s u r e 
OOS^C & 2 2 0 0 p s i ) i s e s s e n t i a l . HPLC i s i d e a l l y 
s u i t e d f o r c o l l e c t i n g s a m p l e s a t 2 2 0 0 p s i and s i n c e 
c o n s t r u c t e d o f s t a i n l e s s s t e e l , t h e h i g h t e m p e r a t u r e s 
s h o u l d n o t be a p r o h i b i t i v e f a c t o r . 
The p u r p o s e o f t h e work o u t l i n e d i n t h i s 
c h a p t e r , was t o i n v e s t i g a t e t h e a n a l y t i c a l 
c a p a b i l i t i e s o f d i f f e r e n t i n o r g a n i c i o n - e x c h a n g e 
m a t e r i a l s c a p a b l e o f o p e r a t i n g a t PWR o p e r a t i n g 
t e m p e r a t u r e and p r e s s u r e , u s i n g t h e p r e v i o u s l y 
d e v e l o p e d a n a l y t i c a l d e t e c t i o n s y s t e m . 
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5,2 PWR P r i m a r y C i r c u i t . 
I t i s u s e f u l t o be reminded of t h e n a t u r e of t h e 
sample t o be a n a l y s e d t h e main s p e c i e s of i n t e r e s t 
,b2ing c o b a l t . I n f o r m a t i o n r e g a r d i n g N i , F e , Mn, Ca, & 
Mg i s a l s o of i M o o r t a n c e i n s t u d y i n g t h e e f f e c t s t h a t 
c h e m i c a l and p h y s i c a l t r a n s i e n t s have upon t h e 
t r a n s p o r t a t i o n of s o l u b l e s p e c i e s a r o u n d t h e c i r c u i t . 
The h i g h l y p u r i f i e d w a t e r u s e d i n t h e p r i m a r y 
c i r c u i t , c o n t a i n s l i t h i u m h y d r o x i d e f o r pH 
c o n t r o l ( 6 . 9 - 7 . 1 ) , and boron a s b o r i c a c i d s o l u t i o n , 
t o a c t a s a f i n e t u n i n g m o d e r a t o r . 
At r e a c t o r s t a r t up t h e b o r o n c o n c e n t r a t i o n i s 
1200ppm, and v i r t u a l l y z e r o j u s t p r i o r t o t h e r e a c t o r 
b e i n g s h u t down f o r r e f u e l l i n g . The t e m p e r a t u r e o f 
t h e w a t e r i s 305°C, b e i n g p r e s s u r i s e d t o 2 2 0 0 p s i , t o 
p r e v e n t i t b o i l i n g - M i n i m a l c o r r o s i o n i s m a i n t a i n e d 
by s t r i c t c h e m i s t r y c o n t r o l o f t h e s y s t e m pH, and t h e 
i n j e c t i o n o f h y d r o g e n t o m a i n t a i n r e d u c i n g 
c o n d i t i o n s . The e s t i m a t e d l e v e l s of s o l u b l e c o r r o s i o n 
p r o d u c t s t h o u g h t t o be p r e s e n t under normal o p e r a t i n g 
c o n d i t i o n s a r e : -
c o b a 1 t 0 .01 - 0.1 ppb 
manganese 0 .05 - 0.5 ppb 
n i c k e l 0 . 10 - 10.0 ppb 
i r o n 1 .00 - 100.0 ppb 
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Thus t h e p r i m a r y c o n c e r n i s t h a t t h e s y s t e m i s 
c a p a b l e of m e a s u r i n g c o b a l t a t t h e s u b - ppb l e v e l 
w i t h i n a sample m a t r i x o f i200ppm B, 10-100 t i m e s t h e 
n i c k e l and 100-1000 t i m e s t h e i r o n c o n t e n t . 
5.3 C r i t e r i a f o r e v a l u a t i n g i n o r g a n i c I o n - E x c h a n g e r s . 
5.3.1 C h e m i c a l and p h y s i c a l s t a b i l i t y : - The e x c h a n g e r 
must o p e r a t e a t t e m p e r a t u r e s up t o 350°C w i t h o u t 
d e g r a d a t i o n o c c u r r i n g , and be s t r u c t u a l l y s t r o n g 
enough t o o p e r a t e a t p r e s s u r e s up t o 3 0 0 0 p s i . 
5.3.2 R a d i o l y t i c a l s t a b i l i t y : - The e x c h a n g e r s h o u l d 
be r e s i s t a n t t o d e g r a d a t i o n by h i g h l y i o n i z i n g 
r a d i a t i o n . 
5.3.3 C o m p a t a b i l i t y : - S i n c e i t i s . t o be i n c o r p o r a t e d 
i n t o an a l r e a d y d e v e l o p e d d e t e c t i o n s y s t e m , r.eady 
exchange w i t h an e l u e n t t h a t i s c o m p a t i b l e w i t h t h e 
a n a l y t i c a l s e p a r a t i o n & d e t e c t i o n s y s t e m i s r e q u i r e d , 
5.3.4 C a p a c i t y : - T h i s needs o n l y t o be o f s u f f i c i e n t 
c a p a c i t y a t 305°C t o r e t a i n a l l t h e c a t i o n s 
p r e c o n c e n t r a t e d (up t o SOpg p e r s a m p l e ) . 
5.3.5 P a r t i c l e s i z e : - S h o u l d i d e a l l y be i n t h e 5-75Mm 
r a n g e , t o e n s u r e h i g h r e t e n t i o n e f f i c i e n c i e s w i t h o u t 
t h e b l o c k i n g o f column f r i t s . 
5.3.6 C o n t a m i n a t i o n : - The p o s s i b i l i t y o f 
c o n t a m i n a t i o n a r i s i n g from t h e c h o i c e of i o n -
e x c h a n g e r s h o u l d be m i n i m a l . 
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5.4 E x c h a n g e r s s t u d i e d . 
The most f a v o u r a b l e t y p e o f e x c h a n g e r w o u l d be 
an o r g a n i c r e s i n or s i l i c a c o a t e d p h a s e , s i n c e t h e y 
have s u f f i c i e n t c a p a c i t y , e x c e l l e n t i o n - e x c h a n g e 
p r o p e r t i e s and t o t a l c o m p a t a b i l i t y w i t h t h e d e v e l o p e d 
s y s t e m - However, s u c h e x c h a n g e r s a r e n o t 
r a d i o l y t i c a l l y s t a b l e and a r e o n l y c a p a b l e o f 
o p e r a t i n g a t t e m p e r a t u r e s up t o a p p r o x i m a t e l y 120''C. 
Such e x c h a n g e r s a r e t h e r e f o r e u n s u i t a b l e , f a l l i n g 
w e l l s h o r t of t h e r e q u i r e d o p e r a t i n g t e m p e r a t u r e o f 
305°C. C o n s e q u e n t l y t h e e x c h a n g e r s s t u d i e d were 
i n o r g a n i c m a t e r i a l s o f known h i g h t e m p e r a t u r e 
s t a b i l i t y , 
Z e o l i t e s 
G l a s s Beads 
M e t a l O x i d e s 
Double S a l t s 
5.4.1 Z e o l i t e s . 
Z e o l i t e s , a l k a l i o r a l k a l i n e e a r t h m e t a l s a l t s 
w i t h a l u m i n o s i l i c a t e s , were c o n s i d e r e d b e c a u s e o f 
t h e i r known l a r g e i o n e x c h a n g e c a p a c i t y , r a d i o l y t i c 
and h i g h t e m p e r a t u r e s t a b i 1 i t y ( 1 7 8 ) , f e a t u r e s w h i c h 
make them a t t r a c t i v e f o r r e m o v a l o f c a t i o n s i n w a t e r 
t r e a t m e n t p r o c e s s . 
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D i f f i c u l t i e s i n e l u t i o n o f p r e c o n c e n t r a t e d s p e c i e s , 
w i t h o u t r e s o r t i n g t o v i g o u r o u s e l u e n t c o n d i t i o n s , v;as 
t h o u g h t t o be a p o t e n t i a l l i m i t i n g f a c t o r , z e o l i t e s 
b e i n g u n s t a b l e i n s t r o n g a c i d o r a l k a l i n e s o l u t i o n s . 
I n p r a c t i c e , t h e z e o l i t e u s e d ( t y p e 4 A ) , had a v e r y 
s m a l l p a r t i c l e s i z e (0.5)jm), gave h i g h b a c k p r e s s u r e s 
and e v e n t u a l l y b l o c k e d t h e f r i t s . T h e r e f o r e f u r t h e r 
work on t h i s t y p e of e x c h a n g e r was abandoned i n 
f a v o u r o f more s u i t a b l e a l t e r n a t i v e s . 
5.4.2 Pore c o n t r o l l e d g l a s s b e a ds (PCGB). 
G l a s s beads were c h o o s e n b e c a u s e o f t h e i r known 
s u r f a c e a b s o r p t i o n p r o p e r t i e s . I n i t i a l t e s t s on 
c h r o m a t o g r a p h i c g r a d e ' B a l l i t o n i ' g l a s s b e a d s l o o k e d 
p r o m i s i n g . C o n s e q u e n t l y PCGB were. s e l e c t e d f o r 
e v a l u a t i o n , h a v i n g more c o n t r o l l a b l e • p h y s i c a l 
p r o p e r t i e s ; s u r f a c e a r e a , p o r e s i z e & bead p o r o s i t y . 
5.4.3 M e t a l o x i d e s . 
Numerous r e v i e w s and p a p e r s have r e p o r t e d upon 
t h e a d s o r p t i o n o f m e t a l i o n s onto o x i d e s and 
h y d r o x i d e s ( 1 0 6 / 7 , 1 1 2 , 1 2 7 / 8 , 1 3 2 - 1 3 7 , 1 7 9 , 1 8 0 ) . B a s e d on 
t h e c r i t e r i a above, a number of e x c h a n g e r s w h i c h had 
p o t e n t i a l u s e f o r t h i s a p p l i c a t i o n were s e l e c t e d , 
5.4.3. ( i ) Aluminium o x i d e . 
Aluminium o x i d e h a s been u s e d i n a number o f 
s t u d i e s f o r t h e a d s o r p t i o n o f m e t a l i o n s ( 1 7 9 - 1 8 1 ) . 
Doubts have been e x p r e s s e d o v e r i t s s o l u b i l i t y i n 
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h i g h s a l t , c o n c e n t r a t i o n s a t e l e v a t e d t e m p e r a t u r e s 
( 1 8 0 ) , a s w e l l a s i n t h e pH r a n g e 6.0-8.5- I n i t i a l 
t r i a l s gave i n t e r m i t t e n t e l u t i o n o f r e l a t i v e l y h i g h 
c o n c e n t r a t i o n s of m e t a l i m p u r i t i e s ( 1 0 - l O O n g ) . T h e s e 
nanogram t r a c e i m p u r i t i e s p r o v e d i m p o s s i b l e t o remove 
even a f t e r a c i d w a s h i n g and t h r e e d a y s c o n t i n u a l 
c o n d i t i o n i n g o f t h e column. T r i a l s u s i n g t h i s 
e x c h a n g e r were t h e r e f o r e abandoned, w i t h t h e p r e v i s o 
t h a t s h o u l d t h e o t h e r e x c h a n g e r s p r o v e 
u n s a t i s f a c t o r y , t h e n i t would be r e - i n v e s t i g a t e d . 
5.4.3. ( i i ) . T e t r a v a l e n t m e t a l o x i d e s . 
The c h o i c e o f t e t r a v a l e n t m e t a l o x i d e s i s 
enormous, a s i n d i c a t e d i n C h a p t e r 1. Most s t u d i e s 
have c e n t r e d upon t h e a p p l i c a t i o n o f t h e s e e x c h a n g e r s 
f o r Hse i n t h e b u l k r e m o v a l of c a t i o n s from aqueous 
s o l u t i o n , t h e e m p h a s i s o f t h e s t u d i e s b e i n g upon t h e 
r e p r o d u c i b l e p r o d u c t i o n of l a r g e c a p a c i t y i o n 
e x c h a n g e r s . The a d v a n t a g e s o u g h t was t h e economic 
p r o c e s s i n g of l a r g e volumes o f aqueous s t r e a m s . O n l y 
l i m i t e d s u c c e s s has been a c h i e v e d b e c a u s e o f b a t c h t o 
b a t c h v a r i a t i o n i n e x c h a n g e c a p a c i t y , c a u s e d by 
s l i g h t d i f f e r e n c e s i n t h e d r y i n g t e m p e r a t u r e of t h e 
p r e c i p i t a t e d g e l s , t h e c a p a c i t y b e i n g a f u n c t i o n o f 
d r y i n g t e m p e r a t u r e . 
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The h i g h e r t h e d r y i n g t e m p e r a t u r e t h e more 
c r y s t a l l i n e t h e s t r u c t u r e becomes, making i t more 
r e s i s t a n t t o h y d r o l y s i s and t h u s l o w e r i n g i t s 
a d s o r p t i v e c a p a c i t y , r e s u l t i n g i n t h e p r o d u c t i o n o f 
r e l a t i v e l y low c a p a c i t y i o n - e x c h a n g e r s . 
The a d v a n t a g e of t h e s e m a t e r i a l s f o r t h i s work. 
i s t h a t p r o v i d e d t h e low c a p a c i t y m a t e r i a l r e t a i n s 
a l l t h e p r e c o n c e n t r a t e d s p e c i e s , t h e n s u b s e q u e n t 
e l u t i o n c a n be a c h i e v e d e f f i c i e n t l y w i t h an e l u e n t 
c o m p a t i b l e w i t h t h e a n a l y t i c a l d e t e c t i o n s y s t e m . Work 
was t h e r e f o r e c o n c e n t r a t e d upon two m e t a l o x i d e s , T i 0 2 
and ZrO^ w h i c h t h e l i t e r a t u r e s u g g e s t e d might g i v e a 
f a v o u r a b l e p e r f o r m a n c e (107, 127-130, 182/3) . 
5.4.3. ( i i i ) Double S a l t s . 
T h e r e a r e two t y p e s o f s y n t h e t i c i n o r g a n i c i o n 
e x c h a n g e r . The h y d r o u s o x i d e s h a v i n g a m p h o t e r i c 
p r o p e r t i e s , e x c h a n g i n g b o t h a n i o n i c and c a t i o n i c 
s p e c i e s , d e pendent upon t h e pH o f t h e medium. The 
o t h e r i s t h a t o f a w e a k l y a c i d i c s a l t ( a d o u b l e s a l t ) -
A f e a t u r e o f t h i s t y p e o f e x c h a n g e r i s t h a t i t 
e x h i b i t s c a t i o n i c e x change p r o p e r t i e s , i r r e s p e c t i v e 
o f t h e pH o f t h e medium. Of t h o s e d o u b l e s a l t s 
s t u d i e d , z i r c o n i u m a r s e n o p h o s p h a t e (ZAP) ha's been 
shown t o p o s s e s s good c h e m i c a l and t h e r m a l s t a b i l i t y , 
h i g h r e g e n e r a t i v e power and i s s t a b l e i n h i g h 
r a d i a t i o n f i e I d s (133 , 136/7, 140 , 184) . 
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5.5 E x p e r i m e n t a l p r o c e d u r e s . 
I n o r d e r t o s i m u l a t e t h e o p e r a t i n g c o n d i t i o n s o f 
t h e PWR, t h e p r e c o n c e n t r a t i o n column was p l a c e d 
i n s i d e a gas c h r o m a t o g r a p h y ( G C ) o v e n . On t h e w a s t e 
s i d e of t h e column f o l l o w i n g e x i t from t h e o v e n was 
a c o o l i n g c o i l and n e e d l e v a l v e . The n e e d l e v a l v e 
a l l o w i n g t h e f l o w t o be a d j u s t e d t o c r e a t e t h e 
n e c e s s a r y b a c k p r e s s u r e . The c o o l i n g c o i l s e r v e d two 
p u r p o s e s , t o p r e v e n t t h e i n j e c t o r g e t t i n g t o o h o t 
( c a u s i n g c o r r o s i o n p r o b l e m s from t h e e l u e n t ) and 
c r e a t i n g an i n i t i a l b a c k p r e s s u r e c o n t r o l . F i g u r e 24 
showing a s c h e m a t i c d i a g r a m of t h e a p p a r a t u s . 
E x p e r i m e n t s i n v e s t i g a t i n g t h e i o n - e x c h a n g e 
p r o p e r t i e s of t h e PCGB were i n i t i a l l y c a r r i e d o u t a t 
room t e m p e r a t u r e . A s s e s s m e n t i n c l u d e d a measurement 
of t h e l i n e a r w o r k i n g r a n g e f o r c o b a l t , t h e 
r e p r o d u c i b i l i t y o f a n a l y s i s and f i n a l l y u s i n g sub-ppb 
c o n c e n t r a t i o n l e v e l s , a c a l i b r a t i o n g r a p h f o r c o b a l t 
p r e c o n c e n t r a t e d from l a r g e s a m p l e v o l u m e s . 
A s e c o n d s e r i e s o f e x p e r i m e n t s i n v o l v e d l o a d i n g 
a p r e d e t e r m i n e d volume o f LBS mixed m e t a l s t a n d a r d 
o n t o t h e PCGB column a t v a r i o u s t e m p e r a t u r e s . The 
s t a r t i n g t e m p e r a t u r e was 100°C and went up t o SOO^C 
i n 50*C s t e p s . I n i t i a l l y p r o b l e m s o f c o n t a m i n a t i o n 
from components i n t h e s y s t e m when o p e r a t e d a t 
e l e v a t e d t e m p e r a t u r e s , v;ere mi n i r . i i s e d by r e p l a c i n g t h e 
s t a i n l e s s s t e e l f r i t s w i t h t i t a n i u m f r i t s . 
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F i g u r e 24 
S c h e m a t i c d i a g r a m of s y s t e m 









Sample i n 8. 
Six-way i n j e c t o r v a l v e 9. 
G.C. Oven 10 
P r e c o n c e n t r a t i o n column 11 
C o l d w a t e r tank 12 
C o o l i n g c o i l 13 
Needle v a l v e 14 
Waste c o l l e c t i o n c o n t a i n e r 
E l u e n t i n 
A n a l y t i c a l column 
Mi x i n g t e e 
P o s t column r e a g e n t i n 
Reagent r e a c t i o n c o i l 
D e t e c t o r 
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Two d i f f e r e n t a p p r o a c h e s were u s e d f o r t h e 
e l u t i o n o f p r e c o n c e n t r a t e d s a m p l e s . The f i r s t 
i n v o l v e d l o a d i n g t h e column a t t e m p e r a t u r e and t h e n 
b a c k f l u s h i n g t h e c o n c e n t r a t e d s p e c i e s o f f t h e column, 
a t t h e same t e m p e r a t u r e - The s e c o n d a l l o w e d t h e 
column t o c o o l down t o l e s s t h a n 30°C b e f o r e 
b a c k f l u s h i n g o f f t h e column- I n p r a c t i s e t h e f i r s t 
a p p r o a c h proved i m p o s s i b l e , due t o m a s s i v e 
c o n t a m i n a t i o n c a u s e d by t a r t r a t e e l u e n t coming i n t o 
c o n t a c t w i t h hot m e t a l . C o n s e q u e n t l y t h e s e c o n d 
a p p r o a c h was u s e d t h r o u g h o u t . 
D u r i n g t h e l o a d i n g o f t h e column c a r e f u l c o n t r o l 
of t h e n e e d l e v a l v e was r e q u i r e d t o m a i n t a i n a 
b a c k p r e s s u r e of 2 2 0 0 p s i . Flow r a t e f o r 
p r e c o n c e n t r a t i n g a s a m p l e was a s f o l l o w s : -
0.2ml min--^ f i r s t 60 s e c o n d s ; 
0-5ml min--'- n e x t 60 s e c o n d s ; 
0.8ml min-^ n e x t 60 s e c o n d s ; 
1.5ml min-^ u n t i l r e q u i r e d s a m p l e had been l o a d e d . 
The p r o c e d u r e a d o p t e d a l l o w e d t h e column t o 
r e a c h t h e maximum t e m p e r a t u r e , u s i n g t h e minimum o f 
sample(0-300°C i n a p p r o x . 3 m i n u t e s ) . Once t h e 
r e q u i r e d sample had been l o a d e d , t h e p r e c o n c e n t r a t i o n 
column was i s o l a t e d from t h e r e s t of t h e s y s t e m by 
c l o s i n g t h e n e e d l e and i n j e c t i o n v a l v e s . ^' 
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The h e a t i n g t o t h e GC oven was s w i t c h e d o f f and t h e 
door opened, a l l o w i n g t h e column t o c o o l down a s 
q u i c k l y a s p o s s i b l e - Once t h e t e m p e r a t u r e had dropped 
below 30*C t h e c o n c e n t r a t e d s p e c i e s were b a c k f l u s h e d 
o f f t h e column u s i n g a 0.2M t a r t r a t e e l u e n t . The t i m e 
f o r b a c k f l u s h i n g was k e p t t o 90 s e c o n d s t o m i n i m i z e 
peak b r o a d e n i n g - The n e x t s a m p l e was t h e n l o a d e d 
w h i l e t h e f o r m e r was b e i n g c h r o m a t o g r a p h e d . 
S i m i l a r e x p e r i m e n t s were c o n d u c t e d f o r T i 0 2 and 
Z r 0 2 a t room t e m p e r a t u r e and f o r T i 0 2 / Zr02 and ZAP 
a t 300°C- C a l i b r a t i o n g r a p h s o f peak h e i g h t r e s p o n s e 
a g a i n s t w e i g h t of m e t a l l o a d e d were o b t a i n e d . The 
p r o c e d u r e adopted f o r s a m p l e l o a d i n g and s u b s e q u e n t 
e l u t i o n was t h e same a s f o r t h e PCGB. 
5.6 R e a g e n t s 
A l l s o l u t i o n s were p r e p a r e d from t h e h i g h e s t 
p u r i t y r e a g e n t s c o m m e r c i a l l y a v a i l a b l e . M e t a l 
s o l u t i o n s and b l a n k s were made up i n l i t h i u m b o r a t e 
s o l u t i o n ( L B S ) , h a v i n g a c o n c e n t r a t i o n o f 1200ppm 
boron and 2.2ppm l i t h i u m . 
PCGB Sigma C h e m i c a l s L t d . , 
T i 0 2 & Zr02 J o h n s o n Matthey L t d . , 
ZAP was not c o m m e r i c a l l y a v a i l a b l e and had t o be 
s y n t h e s i s e d . B e f o r e u s e t h e e x c h a n g e r s were washed 
w i t h 2.0M n i t r i c a c i d and r i n s e d t h o r o u g h l y w i t h DDW-
The e x c h a n g e r s were s i e v e d and t h e d e s i r e d p a r t i c l e 
s i z e f r a c t i o n was p a c k e d i n t o 0.46 x 10cm t i t a n i u m 
c o l u m n s . 
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5.7 S y n t h e s i s of Z i r c o n i u m A r s e n o P h o s p h a t e ( Z A P ) . 
( i ) To 200ml of O.IM Na2HAs04 ( d i - s o d i u m a r s e n a t e ) , 
add 100ml o f O.IM Na3p04 ( t r i s o d i u m o r t h o p h o s p h a t e ) 
and a d j u s t t h e pH t o 0-1 by t h e a d d i t i o n o f 
c o n c e n t r a t e d n i t r i c a c i d (/^lOml). 
( i i ) Heat t h e s o l u t i o n t o 30«C and add a lOOml o f 
O.IM Z r O C l 2 ( z i r c o n y l c h l o r i d e ) , w i t h c o n s t a n t 
s t i r r i n g (a p r e c i p i t a t e s h o u l d form i m m e d i a t e l y ) . 
Keep t h e s o l u t i o n s t i r r e d f o r a f u r t h e r 4 h o u r s . 
( i i i ) A l l o w t h e p r e c i p i t a t e t o s t a n d o v e r n i g h t a t 
30''C, t h e n f i l t e r t h r o u g h a B u c h n e r f u n n e l , w a s h i n g 
t h e p r o d u c t w i t h 250ml o f d i s t i l l e d d e i o n i s e d w a t e r , 
f i n a l l y d r y i n g t h e p r o d u c t o v e r n i g h t a t 40-45''C. 
(v) To t h e c l e a r c r y s t a l s t h a t have formed 
o v e r n i g h t , add 20ml o f DDW ( r e f e r r e d t o a s " c r a c k i n g 
the c r y s t a l s " ) ' D e c a n t o f f t h e DDW and add 20ml o f 
l.OM n i t r i c a c i d , c o n v e r t i n g t h e e x c h a n g e r t o t h e 
h y d rogen form. 
( v i ) A f t e r 15 m i n u t e s d e c a n t o f f t h e n i t r i c a c i d and 
wash t h r o u g h l y w i t h DDW . A l l o w t o d r y a t room 
t e m p e r a t u r e , b e f o r e g r i n d i n g i n a m o r t a r and p e s t l e 
t o t h e a p p r o p i a t e p a r t i c l e s i z e ( ^ 1 0 p m ) . 
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5.8 R e s u l t s and d i s c u s s i o n . 
5.8.1 I n i t i a l C o n t a m i n a t i o n P r o b l e m s 
When t h e c o l l e c t i o n o f s p e c i e s a t h i g h 
t e m p e r a t u r e was f i r s t c a r r i e d • o u t , s e r i o u s 
c o n t a m i n a t i o n a r i s i n g from l o a d i n g c o l d s o l u t i o n s 
onto a h e a t e d p r e c o n c e n t r a t i o n column were 
e n c o u n t e r e d . I n o r d e r t o overcome t h i s p r o b l e m , t h e 
r e p l a c e m e n t of s t a i n l e s s s t e e l ( SS) by s u i t a b l y i n e r t 
m a t e r i a l s c a p a b l e o f w i t h s t a n d i n g t h e h i g h p r e s s u r e s 
and t e m p e r a t u r e s ( 2 2 0 0 p s i & 300°C), r e s u l t e d 
i n i t i a l l y i n t h e use o f t i t a n i u m c olumns whose 
p e r f o r m a n c e matched t h a t of t h e SS columns t h e y 
r e p l a c e d . R e c e n t l y , t i t a n i u m HPLC pumps and 
a c c e s s o r i e s s u c h a s t r a n s f e r l i n e s - , ZDV c o n n e c t o r s , 
i n j e c t o r s , e t c . , have become c o m m e r i c a l l y a v a i l a b l e 
( P h a r m a c i a L t d & LKB I n s t r u m e n t s ) . T h e s e m a t e r i a l s 
have now r e p l a c e d t h e i r SS c o u n t e r p a r t . 
R e p l a c e m e n t o f t h e s t a i n l e s s s t e e l t r a n s f e r 
l i n e s w i t h t i t a n i u m ones d i d n o t r e d u c e c o n t a m i n a t i o n 
N e i t h e r d i d t h e u s e of a t i t a n i u m pump, however t h e 
volume of sample pumped t h r o u g h a t any one time was 
r e l a t i v e l y s m a l l ( 5 0 - l O O m l ) . I t was c o n s i d e r e d a v e r y 
i m p o r t a n t improvement i n t h e o v e r a l l s t r a t e g y o f 
a c h i e v i n g a t o t a l l y i n e r t s y s t e m and does a l l o w t h e 
u s e of more r e a c t i v e s o l v e n t s y s t e m s . 
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The l a r g e s t c o n t r i b u t o r t o c o n t a m i n a t i o n i s t h e 
SS f r i t . The f r i t i s a s i n t e r e d d i s c , w h i c h i s 
l o c a t e d a t e a c h end of t h e column. At p r e s e n t t h e r e 
a r e no c o m m e r c i a l l y a v a i l a b l e t i t a n i u m f r i t s . However 
s i n t e r e d s o l v e n t f i l t e r s a r e a v a i l a b l e and two 
f i l t e r s were s l i c e d up t o make t i t a n i u m f r i t s . 
A l t h o u g h t h i s i s a v e r y e x p e n s i v e way t o make t h e s e 
f r i t s , i t p r o v e d v ; o r t h w h i l e i n r e d u c i n g c o n t a m i n a t i o n 
s i g n i f i c a n t l y a s shown i n F i g u r e s 25-27. 
B l a n k l i t h i u m b o r a t e s o l u t i o n s { 2 5 m l ) , were 
p r e c o n c e n t r a t e d onto t h e column a t b o t h room 
t e m p e r a t u r e and 300°C, f o l l o w i n g p r e v i o u s l y d e s c r i b e d 
p r o c e d u r e s - Chromatograms o b t a i n e d from t h e u s e o f 
d i f e r e n t f r i t s , v / i t h t h e e x p e c t e d p o s i t i o n of t h e 
c o b a l t peak a r e shown. The us e o f t i t a n i u m f r i t s 
( F i g u r e 2 5 ) , r e d u c e s c o n t a m i n a t i o n and t h e e x p e c t e d 
p o s i t i o n f o r c o b a l t i s v ; e l l s e p a r a t e d from any 
p o s s i b l e i n t e r f e r e n t s - F i g u r e 26 u s i n g SS mesh f r i t s , 
d i d not show e x c e s s i v e c o n t a m i n a t i o n a t 300°C, 
a l t h o u g h measurement of c o b a l t may p r o v e d i f f i c u l t , 
s i n c e i t a p p e a r s on t h e s h o u l d e r of a n i c k e l peak. 
The H a s t e l l o y C f r i t s ( t h e m a n u f a c t u r e r s 
d e s c r i b e them a s b e i n g i n e r t ) , most p r o b a b l y 
c o n t a i n e d c o b a l t , e v i d e n c e d by t h e c o b a l t peak 
d e t e c t e d even a t room t e m p e r a t u r e and were t h e r e f o r e 
t o t a l l y u n s u i t a b l e -
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F i g u r e 25 
T i t a n i u m f r i t s 
c o b a l t 
c o b a l t 
1- 2. 3. 
(1) & (3) 25ml b l a n k l o a d e d a t room t e m p e r a t u r e 
(2) 25ml b l a n k l o a d e d a t 300°C 
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F i g u r e 26 
SS Mesh F r i t s 
c o b a l t 
c o b a l t 
1. 2. 
(1) 5. (3) 25ml b l a n k l o a d e d a t room t e m p e r a t u r e 
(2) 25ml b l a n k l o a d e d a t 300^C 
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Figure 27 
H a s t e l l o y C F r i t s 
c o b a l t 
c o b a l t 
3. 4. 
(1) & (4) 25ml blank loaded a t room temperature 
(2) & (3) 25ml blank loaded a t 300^C 
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5.8.2 Pore C o n t r o l l e d Glass Beads, 
The r e s u l t s f o r experiments c a r r i e d out a t room 
temperature, using PCGB are shown i n Tables 11-13 and 
Figures 28 and 29. 
Table 11 

































R e p r o d u c i b i l i t y of Standards 
Ni Co Mn 
23 107 36 
Blank c o r r e c t e d 31 111 38 
peak h e i g h t {mm) 34 107 35 
36 109 37 
36 112 34 
31 107 38 
- 105 35 
30 102 46 
Mean 31.6 107.5 37. 4 
Std. D e v i a t i o n 4.2 3.0 3 . 5 
C o e f f i c i e n t of v a r i a t i o n 13.3% 2.8% 9. 4% 
r e p l i c a t e samples of a 4ppb mixed metal s t d . 
Table 13 
. Volume loaded vs peak h e i g h t response 
Volume (ml) Response (mm) 
Ni Co Mn 
50 2 7 3 
100 8 15 8 
150 6 22 10 
210 16 32 15 
250 17 40 17 
Concentration of mixed metal standard (O.lppb) 
130 
Figure 29 















c o b a l t 
manganese 
n i c k e l 
150 200 250 
Volume(ml) of O.lppb Standard p r e c o n c e n t r a t e d 
O = c o b a l t , a = n i c k e l . X = manganese 
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The r e s u l t s show the e f f e c t i v e n e s s o f glass 
beads as an i o n exchanger. Linear c a l i b r a t i o n graphs 
of n early two orders of magnitude were achieved f o r 
c o b a l t over a weight range of 2-lOOng. 
R e p r o d u c i b i l i t y of a n a l y s i s a t room temperature f o r 
both c o b a l t and manganese was good, n i c k e l g i v i n g a 
s l i g h t l y poorer performance w i t h a c o - e f f i c i e n t of 
v a r i a t i o n g r e a t e r than 10%. 
Work c a r r i e d out t o study the e f f e c t of l o a d i n g 
l a r g e volumes of d i l u t e standards made up i n 1200pprn 
l i t h i u m borate s o l u t i o n ( L B S ) , produced a l i n e a r 
c a l i b r a t i o n graph f o r c o b a l t . S t r a i g h t l i n e f i t s f o r 
n i c k e l and manganese were a l s o o b t a i n e d , although the 
p o i n t s on the graph were more s c a t t e r e d . These 
r e s u l t s show t h a t good r e c o v e r i e s can be achieved 
using large sample volumes of a very d i l u t e s o l u t i o n 
and t h a t the high i o n i c s t r e n g t h LBS, does not e f f e c t 
the r e t e n t i o n or e l u t i o n of species. 
The f i n a l set of experiments using PCGB, 
inv o l v e d loading standards a t v a r i o u s temperatures up 
t o 300°C. For temperatures up t o 150°C n i c k e l , i r o n 
and magnesium contamination was e v i d e n t , although not 
serious as c o b a l t , the main species of i n t e r e s t , v;as 
w e l l separated. Above 200°C the q u a n t i t a t i v e 
d e t e r m i n a t i o n of c o b a l t was not p o s s i b l e , since a 
s i m i l a r peak h e i g h t response was obtained r e g a r d l e s s 
of volume loaded. 
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I n i t i a l thoughts were t h a t the c a p a c i t y had 
diminished due t o the increased temperature, 
r e s u l t i n g i n an e a s i l y saturated, column- Further 
s t u d i e s (Chapter 6 ) , showed t h a t the column had not 
been s a t u r a t e d . One p o s s i b i l i t y i s t h a t the increase 
i n temperature had r e s u l t e d i n more s i t e s becoming 
a v a i l a b l e f o r c o b a l t ions t o exchange w i t h and upon 
c o o l i n g the column, these ions became i r r e v e r s i b l y 
bound and not a v a i l a b l e f o r e l u t i o n , even w i t h n i n e t y 
seconds b a c k f l u s h i n g w i t h t a r t r a t e e l u e n t - The 
magnesium contamination arose from the g l a s s beads 
and w h i l e not e f f e c t i n g the chromatography, does slow 
down the o v e r a l l a n a l y s i s time t o 35-40 minutes per 
sample. 
The r e p r o d u c i b i l i t y of a n a l y s i s f o r c o b a l t and 
manganese a t 150°C, i s given i n Table 14. 
Table 14 
R e p r o d u c i b i l i t y of A n a l y s i s 
Co Mn 
68 19 
Blank c o r r e c t e d 70 16 





Mean 69.5 18.8 
Std. D e v i a t i o n 2.8 1.9 
C o e f f i c i e n t of v a r i a t i o n 3.9% 10 . 0% 
50ml r e p l i c a t e samples of a Ippb mixed metal s t d . 
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R e p r o d u c i b i l i t y of a n a l y s i s f o r both c o b a l t and 
manganese was good. C o e f f i c i e n t of v a r i a t i o n and peak 
h e i g h t response being s i m i l a r t o t h a t obtained f o r 
samples loaded at room temperature onto organic 
c a t i o n exchange r e s i n s . These i n i t i a l r e s u l t s v/ere 
very encouraging and showed p o t e n t i a l f o r a c h i e v i n g 
the aims of o n - l i n e a n a l y s i s and c e r t a i n l y opens up 
p o s s i b i l i t i e s f o r other a p p l i c a t i o n s f o r c a t i o n 
exchange a t elevated temperatures, which cannot be 
met by organic r e s i n s . 
S i m i l a r experiments c a r r i e d out on Zr02^ Ti02 & 
ZAP s t a t i o n a r y phases, r e p o r t e d i n Tables 15-25 and 
Figures 29-34 are discussed t o g e t h e r , f o l l o w i n g the 
p r e s e n t a t i o n of a l l those r e s u l t s . 
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5.8.3 ZrO^ Results 
Table 15 
Weight loaded vs peak h e i g h t response 
Weight (ng) response (mm) 
Ni Co Mn 
Room 20 15 19 10 
40 32 35 19 
Temperature 50 40 42 28 
60 48 51 29 
80 72 77 39 
100 86 87 41 
Concentration of mixed metal standard was 4ppb. 
FIGURE 29a 




weight i n (ng) Preconcentrated 
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Table 16 
Weight loaded vs peak h e i g h t response 
300 C 
Weight (ng) response (mm) 
Ni Co Mn 
20 120 35 15 
40 155 56 36 
50 165 67 39 
60 168 79 42 
80 OS 103 53 
100 OS 136 65 
Concentration of mixed metal standard was 4ppb 
OS Off Scale 
Figure 30 




Weight i n (ng) preconcentrated 
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Table 17 
R e p r o d u c i b i l i t y of Ana l y s i s 
Ni Co Mn 
Room Temperature 96 84 46 
84 83 44 
Peak h e i g h t 87 82 40 
response (mm) 83 91 40 
83 06 38 
76 95 36 
83 88 
Mean 86 87 41 
Std. D e v i a t i o n 6.0 4.7 3.7 
C o e f f i c i e n t of v a r i a t i o n 7.1% 5,4% 9.2% 
20ml r e p l i c a t e samples of a'4ppb mixed metal s t d . 
Table 
R e p r o d u c i b i l i t y 
18 
of A n a l y s i s 
Ni Co Mn 
OS 100 54 
OS 108 65 
OS 104 59 
300°C OS 104 60 
Peak h e i g h t OS 99 56 
response (mm) 
Mean 
Std. D e v i a t i o n 







20ml r e p l i c a t e samples of a 4ppb mixed metal s t d . 
OS Off Scale 
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5.8.4 TiOo Results 
Table 19 
Weight loaded vs peak h e i g h t response 
Weight (ng) response (mm) 
Ni Co Mn 
12 15 26 20 
4D 26 55 20 
Room 60 38 84 35 
80 42 124 26 
Temperature 100 • 57 125 40 
120 61 154 46 
Concentration of mixed metal standard was 4ppb. 
Figure 31 
Peak h e i g h t vs weight loaded @ room temperature 
P 160-
h 
n i c k e l 
manganese 
100 




Weight loaded vs peak h e i g h t response 
Weight (ng) response (mn) 
Ni Co Mn 
44 OS 64 34 
50 OS 61 40 
64 OS 96 41 
80 OS 118 44 
100 OS 146 59 














Weight i n (ng) preconcentrated 
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Table 21 
R e p r o d u c i b i l i t y of A n a l y s i s 
Ni Co Mn 
Room Temperature 24 25 10 
Peak h e i g h t 20 25 10 
response (mm) 22 25 9 
21 25 8 
21 29 8 
20 28 9 
Mean 21 26 9 
Std. D e v i a t i o n 1.5 1.8 0.9 
C o e f f i c i e n t of v a r i a t i o n 7.1% 7.0% 9.9% 
r e p l i c a t e samples of a Ippb mixed meta 1 s t d . 
Table 22 
R e p r o d u c i b i l i t y of An a l y s i s 
Ni Co Mn 
OS 28 19 
OS 33 21 
OS 28 24 
300°C OS 31 24 
peak heig h t OS 32 22 
response(mm) OS 33 
OS 33 26 
Mean — 31 23 
Std. D e v i a t i o n -- 2,3 2.5 
C o e f f i c i e n t of v a r i a t i o n -- 7.3% 11. 
25ml r e p l i c a t e samples of a Ippb mixed metal s t d 
OS Off Scale 
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5.8.5 ZAP Results 
Table 23 











Concentration of c o b a l t standard was Ippb. 
Figure 33 








g h t 20 
10 
Weight preconcentrated (ng) 
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Table 24 
Volume loaded vs peak h e i g h t response 
300°C 
Volume (ml) response (mm) 
Co Mn 
10 47 27 
15 75 40 
16 74 51 
20 86 59 
25 105 77 
30 130 89 
Concentration of mixed metal standard was 5ppb c o b a l t 
and lOppb manganese, hence volume r a t h e r than weight 
i s t a b u l a t e d a g a i n s t peak h e i g h t . 
Figure 34 





















300°C 48 28 
peak h e i g h t 49 31 
response(mm) 49 27 
48 27 
Mean 46. 8 26. 8 
Std. D e v i a t i o n 3. 5 2. 9 
C o e f f i c i e n t of v a r i a t i o n 7. 5% 10. 9% 
NB 10ml r e p l i c a t e samples of a 5ppb c o b a l t and lOppb 
manganese mixed metal s t d . 
The r e s u l t s f o r ZrO^ gave s t r a i g h t l i n e 
c a l i b r a t i o n graphs f o r c o b a l t , n i c k e l and manganese a t 
room temperature , f o r 0-100 ng preconcentrated. 
S t r a i g h t l i n e c a l i b r a t i o n graphs were a l s o obtained 
a t 300°C f o r c o b a l t and manganese. Contamination 
a r i s i n g from the system made i t impossible t o o b t a i n 
a s i m i l a r graph f o r n i c k e l . R e p r o d u c i b i l i t y of 
a n a l y s i s f o r a l l three metal species a t roon 
temperature was acceptably good w i t h a c o - e f f i c i e n t of 
v a r i a t i o n of <10%. At 300°C, c o b a l t Manganese both 
gave s a t i s f a c t o r y r e p r o d u c i b i l i t y f i g u r e s . There v/as 
no a v a i l a b l e data f o r n i c k e l . 
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A s i m i l a r s e t o f r e s u l t s was o b t a i n e d f o r t h e 
T i O j exchanger a t b o t h room t e m p e r a t u r e and 300"C.The 
r e p r o d u c i b i l i t y o f a n a l y s i s f o r c o b a l t and manganese 
b e i n g s i m i l a r a t b o t h t e m p e r a t u r e s . Once a g a i n t h e 
l a r g e n i c k e l c o n t a m i n a t i o n f r o m t h e system e x c l u d e d 
any measurement o f n i c k e l . 
The ZAP exchanger was o n l y e v a l u a t e d a t 300°C, 
s i n c e t h i s s t u d y was aimed a t d e t e r m i n i n g i t s 
s u i t a b i l i t y f o r f u r t h e r i n v e s t i g a t i o n . R e s u l t s were 
v e r y e n c o u r a g i n g , w i t h a l i n e a r c a l i b r a t i o n g r a p h 
between 0-150ng f o r c o b a l t and 0-300ng f o r manganese-
Large volume p r e c o n c e n t r a t i o n o f d i l u t e s o l u t i o n s 
w i t h an a b s o l u t e w e i g h t range 5-25ng, a l s o produced a 
l i n e a r c a l i b r a t i o n graph ( F i g u r e 33) f o r c o b a l t . 
R e p r o d u c i b i l i t y b e i n g y e t a g a i n v e r y good, w i t h b o t h 
c o b a l t and manganese h a v i n g v a l u e s o f <10% co-
e f f i c i e n t o f v a r i a t i o n . 
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5.9 C o n c l u s i o n s . 
These i n i t i a l e x p e r i m e n t s d e m o n s t r a t e d t h e 
f e a s i b i l i t y o f t h e f o u r exchangers s t u d i e d PCGB, 
ZrO^, T!^0^ and ZAP f o r o n - l i n e sample c o l l e c t i o n a t 
300*0 and subsequent a n a l y s i s a t a m b i e n t t e m p e r a t u r e s 
L i n e a r i t y o f response and r e p r o d u c i b i l i t y o f a n a l y s i s 
f o r c o b a l t and manganese was good, a v o i d i n g 
i n t e r f e r e n c e f r o m c o n t a m i n a t i o n by u s i n g t i t a n i u m 
f r i t s . The use o f g l a s s beads does g i v e r i s e t o 
magnesium c o n t a m i n a t i o n h a v i n g t h e a f f e c t t o i n c r e a s e 
a n a l y s i s t i m e by a p p r o x i m a t e l y 80%. However judgement 
on any o f t h e s e exchangers w i l l be r e f e r r e d , u n t i l 
a f t e r f u r t h e r s t u d i e s . 
Major sources o f system c o n t a m i n a t i o n a t 300"='C, 
was f r o m n i c k e l and i r o n , a r i s i n g f r o m t h e m a t e r i a l s 
o f c o n s t r u c t i o n , e s p e c i a l l y t h e SS f r i t s (making 
n i c k e l d e t e r m i n a t i o n i m p o s s i b l e ) . A r e d u c t i o n i n 
c o n t a m i n a t i o n was a c h i e v e d by r e p l a c e m e n t o f SS f r i t s 
w i t h t i t a n i u m f r i t s . 
R a d i o t r a c e r work u s i n g c o b a l t - 6 0 , i r o n - 5 9 and 
lanthanum-140 i s p l a n n e d i n o r d e r t o s t u d y t h e s e 
exchangers i n more d e a t i l . The work t o be c a r r i e d o u t 
i n t h e l a b o r a t o r i e s a t W i n f r i t h A t o m i c Energy 
E s t a b l i s h m e n t . 
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CHAPTER 6 
I n v e s t i g a t i o n o f Ion-Exchangers u s i n g R a d i o i s o t o p e s 
6-1 I n t r o d u c t i o n 
The p r e v i o u s c h a p t e r h i g h l i g h t e d t h e f e a s i b i l i t y 
o f u s i n g t h e exchangers PCGB, ^^^2' '^ '^ *^ 2 
l i n e f o r t h e c o l l e c t i n g o f samples a t 300°C f r o m t h e 
p r i m a r y c o o l a n t o f a PWR. I n v e s t i g a t i o n s t o s t u d y 
t h e s e exchangers i n g r e a t e r d e t a i l was r e q u i r e d , 
s i n c e t h e amounts load e d i n Chapter 5 v a r i e d between 
25-80 ng o f c o b a l t ( i n a mixed m e t a l s t a n d a r d ) and i t 
was d e s i r a b l e t o see how c o b a l t was ads o r b e d b o t h on 
i t s own and w i t h o t h e r m e t a l s , b u t a t much lower 
c o n c e n t r a t i o n s (1-5 ng c o b a l t maximum). I n o r d e r t o 
a c h i e v e t h e n e c e s s a r y i n f o r m a t i o n , t h e use o f 
r a d i o i s o t o p e s was e s s e n t i a l and t h e worlc was c a r r i e d 
o u t a t t h e Atomic Energy E s t a b l i s h m e n t , W i n f r i t h 
u s i n g c o b a l t - 6 0 and i r o n - 5 9 . The work program was 
s p l i t i n t o two p a r t s . The f i r s t i n v e s t i g a t e d t h e 
a n a l y t i c a l c a p a b i l i t i e s o f t h e exchangers ( r e c o v e r y , 
r e p r o d u c i b i l i t y and exchange c a p a c i t y ) a t an 
o p e r a t i n g t e m p e r a t u r e o f 300°C, u s i n g j u s t c o b a l t - 6 0 . 
The second . p a r t was aimed a t r e p r o d u c i n g t h e work o f 
p a r t one, b u t t h i s t i m e u s i n g a c o b a l t - 6 0 and i r o n - 5 9 
mixed i s o t o p e s o l u t i o n . 
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6.2 E x p e r i m e n t a l 
The e x p e r i m e n t a l p r o c e d u r e and equipment used 
f o r t h e l o a d i n g o f samples o n t o e xchangers and 
subsequent e l u t i o n o f f , was t h e same as t h a t 
d e s c r i b e d i n Chapter 5.5 and F i g u r e 24-
The d e t e c t i o n system however was d i f f e r e n t - No 
a n a l y t i c a l column o r p o s t column r e a c t i o n system was 
f i t t e d . Samples were c o l l e c t e d i m m e d i a t e l y f o l l o w i n g 
t h e i n j e c t i o n v a l v e ( F i g u r e 35) and c o u n t e d l a t e r . 
The a c t u a l d e t a i l s o f each e x p e r i m e n t a r e d e s c r i b e d 
i n t h e a p p r o p i a t e r e s u l t s and d i s c u s s i o n s e c t i o n . 
The r a d i o i s o t o p i c s o l u t i o n s used were a l l gamma 
e m i t t e r s and t h e r e f o r e o n l y two c o u n t i n g t e c h n i q u e s 
were employed. Samples h a v i n g o n l y a s i n g l e gamma 
i s o t o p e ( u s u a l l y Co-60), were c o u n t e d by a g r o s s 
gamma c o u n t e r . The i n s t r u m e n t used was a H a r w e l l 
s c i n t i l l a t i o n d e t e c t o r t y p e 2719, i n c o r p o r a t i n g a Nal 
c r y s t a l as a s c i n t i l l a t o r , a H a r w e l l s c a l e r t y p e 2117 
and H a r w e l l t i m e r t y p e 2219- The i n s t r u m e n t was 
o p e r a t e d a t 7 0 0 v o l t s w i t h a t i m e c o n s t a n t o f 1 ^  sec, 
and a f i x e d c o u n t t i m e o f f i v e m i n u t e s . C o u n t i n g 
e f f i c i e n c y was a p p r o x i m a t e l y 10%, a pa r a m e t e r w h i c h 
i s dependent upon t h e geometry o f t h e sample. To 
m i n i m i s e geometry e f f e c t s , a l l samples c o u n t e d had a 
c o n s t a n t volume o f 15ml and were c o l l e c t e d i n a 
u n i f o r m s i z e (30ml) p o l y e t h y l e n e p o t . 
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F i g u r e 35 
Schematic d i a g r a m o f system 
KEY 
1. S t a n d a r d / sample i n 8. 
2. PTFE s a m p l i n g l i n e 9. 
3. Sample pump 10 
4. Sample ( t r a n s f e r ) l i n e T l 11 
5- I n j e c t o r v a l v e 12 
6. Sample ( t r a n s f e r ) l i n e T2 13 
7. G.C. oven 14 
15 
P r e c o n c e n t r a t i o n column 
Sample ( t r a n s f e r ) l i n e T3 
Cold w a t e r t a n k 
Sample ( t r a n s f e r ) l i n e T4 
B a c k p r e s s u r e v a l v e 
S t a n d a r d c o l l e c t i o n p o t 
A n a l y t e c o l l e c t i o n p o t 
E l u e n t i n 
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Samples c o n t a i n i n g mixed gamma e m i t t i n g 
i s o t o p e s , such as Fe-59 and Co-60, were c o u n t e d by 
gamma-spectrometry. The gamma-spectrometer used had a 
c o u n t i n g e f f i c i e n c y o f a p p r o x i m a t e l y 1 % , a v a l u e 
a g a i n dependent upon sample geometry, as w e l l as t h e 
t h e q u a l i t y o f t h e l i t h i u m d r i f t e d germanium c r y s t a l 
used as a d e t e c t o r . 
6.2.1 P r o p e r t i e s o f i s o t o p e s 
T a b l e 26 
I s o t o p e Gamma Energy Y i e l d H a l f L i f e 
keV (days) 
Co-60 1173 1.00 1924 
1333 1.00 
Fe-59 1099' 0.56 45 
1292 0.44 
6.2.2 Sample p r e p a r a t i o n 
D i l u t i o n s o f c o b a l t - 6 0 were made f r o m a s t o c k 
s o l u t i o n o f l-8ppb c o b a l t ( 1.74 KBq ml""^ Co-60 
a c t i v i t y ) . A 50 x d i l u t i o n gave a c o b a l t sample 
c o n c e n t r a t i o n o f 36ppt and 34.8 Bq ml~^ a c t i v i t y . 
A s t o c k s o l u t i o n o f i r o n had an Fe-59 a c t i v i t y 
o f 4.65 K Bq ml""*- (12.12.85) and c o n c e n t r a t i o n o f 
a p p r o x i m a t e l y 9.0 p p t . A 10 x d i l u t i o n gave a sample 
a c t i v i t y o f 465 Bq ml""^ and was s p i k e d w i t h i n a c t i v e 
Fe ( I I I ) , g i v i n g a t o t a l i r o n c o n c e n t r a t i o n o f 6 ppb. 
Bq = B e q u e r e l = d i s i n t e g r a t i o n per second 
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6.2.3 Exchangers s t u d i e d 
The p h y s i c a l c h a r a c t e r i s t i c s o f t h e exc h a n g e r s 
s t u d i e d a r e as f o l l o w s : -
PCGB (Pore C o n t r o l l e d G l a s s Beads) 
P a r t i c l e s i z e range 37-74 pm. 
S p e c i f i c s u r f a c e area 9.2 m^ g-^ 
Pore volume 0.71 cm g-1 
Pore d i a m e t e r 2 x 10-7 pm 
Dry packed w e i g h t (10 x 0-46cm column) 1.6 g 
ZrO.Q ( Z i r c o n i u m d i o x i d e ) 
i f 
P a r t i c l e s i z e range 1-5-40 vm mean 10-15 pm 
S p e c i f i c s u r f a c e a r e a 1.45 m^  g-1 
Temperature c a l c i n a t e d 800°C 
D r y p a c k e d w e i g h t (10 x 0.46cm column) 4.3 g 
TiO . Q ( T i t a n i u m d i o x i d e ) 
P a r t i c l e s i z e range 1-5-40 pm mean 10-15 pm 
S p e c i f i c s u r f a c e area 3.6 g-1 
Temperature c a l c i n a t e d lOOO^C 
Dry packed w e i g h t (10 x 0-46cm column) 3.4 g 
ZAP ( Z i r c o n i u m Arsenophosphate) 
P a r t i c l e s i z e range 1-5-700 Mm mean -300 pm 
S p e c i f i c s u r f a c e a r e a 2.7 m^  g-^ 
Temperature c a l c i n a t e d 305*'C 
Dry packed w e i g h t (10 x 0.46cm column) 2.45 g 
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6.3 S e c t i o n One R e s u l t s and D i s c u s s i o n 
6 . 3 . I . E xperiment One : R e t e n t i o n & E l u t i o n 
100ml samples o f 36ppt c o b a l t - 6 0 were l o a d e d 
o n t o a l l f o u r exchangers a t 300°C. The f i r s t 10ml o f 
s o l u t i o n p a s s i n g t h r o u g h t h e column was d i s c a r d e d , 
a f t e r w h i c h 6 x 15ml f r a c t i o n s were c o l l e c t e d and 
c o u n t e d f o r t o t a l gamma o v e r a f i v e m i n u t e p e r i o d . 
The % b r e a k t h r o u g h and r e t e n t i o n o f Co-60 was 
d e t e r m i n e d f r o m t h e c o u n t s o f t h e c o l l e c t e d 
f r a c t i o n s . T a b le 27. 
% B r e a k t h r o u g h = A c t u a l c o u n t x 100 
T h e o r e t i c a l c o u n t 
% R e t e n t i o n = 100 - % B r e a k t h r o u g h 
The column was t h e n c o o l e d t o room t e m p e r a t u r e 
and t h e c o b a l t e l u t e d u s i n g f i r s t d e i o n i s e d w a t e r , 
t h e n l i t h i u m b o r a t e s o l u t i o n (LBS), and f i n a l l y 0.2M 
t a r t r a t e pH 4.4, T a b l e 28. The volume and p e r c e n t a g e 
r e c o v e r y f o r each a l i q u o t o f e l u e n t was r e c o r d e d , 
t h u s a measure o f t h e e f f e c t i v e n e s s o f t h e s e e l u e n t s 
f o r e l u t i n g c o b a l t f r o m a column was o b t a i n e d . 
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TABLE 2 7 
R e t e n t i o n o f c o b a l t l o a d e d a t 300°C 
Count Bkgd % % 
C o r r c o u n t B r e a k t h r o u g h R e t a i n e d 
1864 -78 -0.5 100.5 
1926 -16 -0.1 100.1 
1980 38 0.2 99.8 
2032 90 0.6 99.4 
2021 79 0.5 99.5 
1885 -57 -0.4 100.4 
Zr0 2 
Mean 1951 9 0.1 100.0 
T i 0 2 
Mean • 2127 -15 <0 .1 100.0 
PCGB 
Mean 2140 -2 <0.1 100.0 
ZAP 
Mean 1955 -13 <0.1 100.0 
Since a l l f o u r exchangers gave a s i m i l a r s e t o f 
r e s u l t s o n l y t h e ZrO'2 r e s u l t s have been f u l l y 
t a b u l a t e d , • w i t h t h e averaged r e s u l t s f o r t h e 
r e m a i n i n g exchangers g i v e n . 
Background Count Data:-
Mean o f 10 c o u n t s = 1942 
St a n d a r d d e v i a t i o n = 42 
C o - e f f i c i e n t o f v a r i a t i o n = 2 . 1 % 
15ml sample background c o r r e c t e d c o u n t = 15470 
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TABLE 28 
Recovery o f c o b a l t w i t h d i f f e r e n t e l u e n t s 
ZrO 2 
V o l % 
(ml) REC 
TiO 





V o l % 
(ml).REC 
ZAP 




De-ion 4.5 2.0 4.5 1.4 4-5 1.4 
Water 9.0 2.5 9.0 1.5 9.0 2.6 




4.5 10.2 4.5 3-1 4.5 8-1 4.5 4,4 
LBS 9.0 11.8 9.0 4.3 9.0 8.4 9.0 5.1 
13.5 12.2 13.5 4.7 13.5 8.8 13.5 5.5 
0.2M 3.0 63.6 
T a r t 6,0 70.0 







3 .0 87.6 
6.0 97.8 
9-0 102.1 
Percentage r e c o v e r y 
a c c u m u l a t i v e t o t a l . 
(% REC), i s q u o t e d as an 
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100% r e t e n t i o n o f c o b a l t f o r samples l o a d e d a t 
300°C was a c h i e v e d f o r a l l f o u r e x c h a n g e r s . E l u t i o n 
o f c o b a l t w i t h v a r i o u s e l u e n t s gave n e g l i g i b l e 
r e c o v e r y o f f any o f t h e columns u s i n g d e i o n i s e d 
w a t e r ( c o u n t i n g s t a t i s t i c s , meant t h a t r e c o v e r i e s o f 
<3% were t o s m a l l t o be m e a n i n g f u l ) . When t h e e l u e n t 
was changed t o LBS, 9.5% c o b a l t was e l u t e d o f f t h e 
Zr02 column i n 13.5ml. From t h e o t h e r t h r e e columns 
3-5% o f c o b a l t was e l u t e d w i t h 13.5ml o f LBS, 
d e m o n s t r a t i n g t h e l i m i t e d a b i l i t y o f LBS t o e l u t e 
c o b a l t f r o m o f f any o f t h e s e columns, even t h e 
a m p h o t e r i c 2 r 0 2 column. Recovery u s i n g 0.2M t a r t r a t e 
showed t h e e f f e c t i v e n e s s o f t h i s e l u e n t , w i t h 
100% r e c o v e r y o f c o b a l t a c h i e v e d f r o m o f f 
t h e PCGB w i t h 9ml o f e l u e n t . T i 0 2 and ZAP exchangers 
r e q u i r e d o n l y 6ml o f e l u e n t t o a t t a i n 100% r e c o v e r y . 
The Zr02 exchanger gave o n l y 76% r e c o v e r y w i t h 9ml o f 
t a r t r a t e e l u e n t , h i g h l i g h t i n g t h e u n u s u a l p r o p e r t i e s 
o f a m p h o t e r i c e x c h a n g e r s , t h e wea k l y c o m p l e x i n g LBS 
o n l y p a r t i a l l y e l u t i n g c o b a l t and t h e s t r o n g l y 
c o m p l e x i n g t a r t r a t e n o t f u l l y e l u t i n g c o b a l t . 
When these e x p e r i m e n t s were f i r s t c a r r i e d o u t , 
p e r c e n t a g e r e c o v e r i e s u s i n g t h e t a r t r a t e e l u e n t were 
o n l y 40-60% o f t h e r e s u l t s q u o t e d . The d r a m a t i c 
improvement ob s e r v e d was t h o u g h t t o be a s s o c i a t e d 
w i t h t h e e x i s t e n c e o f ion-exchange s i t e s , w i t h 
v a r y i n g degrees o f a c c e s s i b i l i t y . 
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As t h e exchanger i s h e a t e d t o 300*'C, t h e l e s s 
a c c e s s i b l e s i t e s become more r e a d i l y a v a i l a b l e f o r 
exchange- Upon c o o l i n g t h e s e s i t e s r e v e r t back and 
t h e c a t i o n i s e f f e c t i v e l y i r r e v e r s i b l y bound, t h e 
t a r t r a t e e l u e n t now h a v i n g l i t t l e success i n r e a d i l y 
e l u t i n g t h e s e t r a p p e d c a t i o n i c s p e c i e s o f f . R e s u l t s 
o b t a i n e d f r o m t h e v a r i o u s columns, r e p o r t e d i n 
Chapter 5 i n d i c a t e d t h a t s i m i l a r o r h i g h e r % 
r e c o v e r i e s were a c h i e v e d w i t h samples l o a d e d a t room 
t e m p e r a t u r e , t h a n t h o s e a t SOO^C, an o b s e r v a t i o n • t h a t 
s u p p o r t s t h e i d e a o f v a r i a b l e a c c e s s i b i l i t y o f 
exchange s i t e s , dependant upon t e m p e r a t u r e - The 
s i t u a t i o n t h e r e f o r e e x p e r i e n c e d i s t h a t once 
s u f f i c i e n t o f t h e s e " i r r e v e r s i b l e s i t e s " has been 
o c c u p i e d , t h e n 100% r e c o v e r y a t 300°C can' be 
a c h i e v e d , p r o v i d e d t h a t any l o a d i n g o f a sample, does 
n o t s a t u r a t e a l l t h e r e m a i n i n g r e v e r s i b l e s i t e s (each 
sample i s b a c k f l u s h e d o f f t h e column, t h e r e f o r e v e r y 
l i t t l e o f t h e column m a t e r i a l comes i n t o c o n t a c t w i t h 
t h e a n a l y t e , hence o n l y a s m a l l p o r t i o n o f 
i r r e v e r s i b l e s i t e s need t o be o c c u p i e d ) . 
6.3.2. E x p e r i m e n t Two: R e p r o d u c i b i l i t y 
R e p r o d u c i b i l i t y o f r e c o v e r y o f c o b a l t - 6 0 f r o m 
o f f t h e columns was c a r r i e d o u t . The e x p e r i m e n t was 
concerned w i t h a s s e s s i n g w h e t h e r t r a p p e d c a t i o n s 
remained on t h e column o r were s l o w l y l e a c h e d o f f by 
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r e p e t i t i v e use, s i n c e t h i s w o u l d i n v a l i d a t e any 
a n a l y t i c a l d e t e r m i n a t i o n -
25ml a l i q u o t s were l o a d e d o n t o t h e column a t 
300°C. A l i q u o t s (5x5ml) were c o l l e c t e d t o check f o r 
r e t e n t i o n o n t o t h e column d u r i n g l o a d i n g , each 
a l i q u o t b e i n g made up t o 15ml f o r c o u n t i n g p u r p o s e s . 
The column was t h e n c o o l e d down t o room t e m p e r a t u r e , 
b e f o r e e l u t i n g o f f t h e c o b a l t - 6 0 . The e l u e n t used was 
0.2M t a r t r a t e , pH4.4. Flow c o n d i t i o n s were 1.5ml min-1 
and an e l u t i o n t i m e o f t h r e e m i n u t e s ( t h e maximum 
a l l o w a b l e t i m e t h a t w ould n o t cause a b a s e l i n e 
d i s t u r b a n c e w i t h t h e e a r l y e l u t i n g s p e c i e s , i f t h e 
system were t o be used i n a p r a c t i c a l s i t u a t i o n ) . The 
c o u n t s f r o m t h e 5 a l i q u o t s f o r each sample l o a d e d , 
c o n f i r m e d 100% r e t e n t i o n d u r i n g l o a d i n g , s i n c e t h e 
v a l u e s were never s t a t i s i c a l l y h i g h e r t h a n b a c k g r o u n d 
l e v e l s , c o n s e q u e n t l y o n l y t h e r e c o v e r y f i g u r e s . T a b l e 
29, a r e g i v e n f o r t h i s e x p e r i m e n t . 
The r e c o v e r y f i g u r e s a r e based on t h e a c t i v i t y 
measured i n a 4.5ml a l i q u o t o f t a r t r a t e e l u e n t made 
up t o 15ml w i t h d e i o n i s e d w a t e r . 
% Recovery = A c t i v i t y i n sample x IQQ 
T o t a l a c t i v i t y l o a d e d 
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TABLE 29 
R e p r o d u c i b i l i t y o f r e c o v e r y 
Zr02 T i 0 2 PCGB ZAP 
% % % % 
Recovery Recovery Recovery Recovery 
65.4 103,9 87.8 99,9 
54.6 104. 7 86.2 94,5 
75.6 98.1 91.4 106.3 
70.3 108.3 82.4 92.7 
61.1 96.1 85.5 98.8 
69.7 99.7 95.9 102,6 
Mean 66.1 101. 8 88,7 99.1 
Std Dev 6.8 . 4.2 5.3 4,6 
C o - e f f o f • 
V a r i a t i o n 10. 3% 4.1% 6-0% 4.6% 
R e p r o d u c i b i l i t y o f r e c o v e r y i s good f o r a l l f o u r 
exchangers as i s e v i d e n t f r o m t h e c o - e f f i c i e n t o f 
v a r i a t i o n and t h e s e r e s u l t s v e r i f y t h e i n t e g r i t y o f 
a n a l y t i c a l d e t e r m i n a t i o n s , t h e p r e v i o u s l y t r a p p e d 
c a t i o n s n o t h a v i n g been l e a c h e d o f f by s u c c e s s i v e 
e l u t i o n o f samples, b u t r e t a i n e d on t h e column. 
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6.3.3 Experiment Three: C a p a c i t y o f Exchangers a t 
3 00''C 
I n o r d e r t o d e t e r m i n e t h e c a p a c i t y o f t h e 
exchanger a t t e m p e r a t u r e (300*'C) , a c o b a l t s o l u t i o n 
o f known c o n c e n t r a t i o n ( s p i k e d w i t h c o b a l t - 6 0 ) , was 
c o n t i n u a l l y l o a d e d o n t o t h e column u n t i l b r e a k t h r o u g h 
o c c u r r e d . B r e a k t h r o u g h was measured by c o u n t i n g t h e 
a c t i v i t y o f t h e c o l l e c t e d e l u a t e and co m p a r i n g i t 
w i t h t h e measured a c t i v i t y i n t h e sample p r i o r t o 
l o a d i n g o n t o t h e column. P r e l i m i n a r y e x p e r i m e n t s had 
shown t h a t t h e t o t a l c a p a c i t y o f a f r e s h l y packed 10 
x 0.46cm column o f T i 0 2 and Zr02 was l e s s t h a n 
250pg, t h e r e f o r e a Ippm w o r k i n g s o l u t i o n s p i k e d w i t h 
c o b a l t - 6 0 was made up- A maximum o f Ippm was s e l e c t e d 
f o r t h e sample c o n c e n t r a t i o n , i n o r d e r t o p r e v e n t 
p r e c i p i t a t i o n o f Co(OH)2 o n t o s u r f a c e s a t e l e v a t e d 
t e m p e r a t u r e s ( 1 2 9 - 1 3 0 ) . The a c t i v i t y o f t h e w o r k i n g 
s o l u t i o n was 120Bq m l ~ l , a 6ml sample made up t o 15ml 
g i v i n g a c o u n t o f 20,000 o v e r a f i v e m i n u t e p e r i o d . 
The sample was loade d c o n t i n u o u s l y o n t o t h e 
columns ( w h i c h were a t 300*^0, a t a f l o w r a t e o f 
1.5ml m i n ~ l . F r a c t i o n s (6ml) were c o l l e c t e d and 
coun t e d f o r t o t a l gamma. T a b l e s 30 (Zr02) and 31 
( T i 0 2 ) . The p e r c e n t a g e b r e a k t h r o u g h f i g u r e s were 
c a l c u l a t e d as a p e r c e n t a g e o f t h a t sample l o a d e d 
(6ml) and do n o t t a k e a c c o u n t o f any a c t i v i t y a l r e a d y 
on t h e column. 
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TABLE 3.1 
Exchange c a p a c i t y o f TiO? ^ 300''C 
m u l a t i v e Background % 
Weight C o r r e c t e d B r e a k -
aded (ug) Count t h r o u g h 
6 2721 13.6 
12 30 0.1 
18 159 0.8 
24 35 0.2 
30 7 <0.1 
36 55 0.3 
42 103 0.5 
48 81 0.4 
54 125 0.6 
60 222 1.1 
66 569 2.8 
72 911 4.6 
78 1803 9,0 
84 4394 21.9 
92 5418 20.3 
98 4800 24,0 
104 5826 29.1 
110 6519 32.5 
116 7461 37.2 
122 8447 42.7 
128 9630 48.1 
134 10218 51.0 
140 11487 57.3 
146 12193 60.9 
152 12465 62.2 
158 14037 70.1 
164 14885 7;4.3 
170 15495 77.4 
176 14355 71.7 
182 15672 78, 3 
188 16083 80.3 
194 119703 597.5 * 
* 6ml sample c o l l e c t e d as column was c o o l i n g down 
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TABLE 3 0 
E x c h a n g e c a p a c i t y o f Z r O ^ ^ 300°C 
C u m u l a t i v e 
W e i g h t 
B a c k g r o u n d 
C o r r e c t e d 
% 
B r e a k 
aded ( p g ) C o u n t t h r o u g h 
6 4027 18.7 
12 510 2.4 
18 96 0.4 
24 9 1 0.4 
30 196 0.9 
36 71 0.3 
42 178 0.8 
48 245 1.1 
54 379 1.8 
60 1113 5.2 
66 2606 1 2 . 1 
72 5434 25.3 
78 8625 4 0 . 1 
84 10107 47.0 
90 12768 59.4 
96 1 4 6 6 1 68. 2. 
102 17930 •83.4 
108 18946 8 8 . 1 
114 19530 90.8 
120 20473 95.2 
126 20326 94.5 
132 155484 722.9 * 
*6ml s a m p l e c o l l e c t e d as c o l u m n was c o o l i n g down 
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The b r e a k t h r o u g h p l o t s f o r T i 0 2 a n d Z r 0 2 a r e 
p r e s e n t e d i n F i g u r e s 36 & 3 7 , i n i t i a l b r e a k t h r o u g h o f 
c o b a l t o c c u r r i n g a f t e r l o a d i n g 60 \iq a n d 54 pg o n t o 
t h e T i 0 2 and Z r 0 2 c o l u m n s r e s p e c t i v e l y - The g r a d u a l 
i n c r e a s e i n b r e a k t h r o u g h s e e n o n b o t h c o l u m n s showed 
t h a t i o n - e x c h a n g e e q u i l i b r i u m h a d n o t b e e n r e a c h e d . 
T h i s i n d i c a t e s t h e p o s s i b i l i t y o f more t h a n one t y p e 
o f e x c h a n g e s i t e , e x h i b i t i n g d i f f e r i n g e x c h a n g e 
k i n e t i c s , w i t h t h e more i n a c c e s s i b l e ("non-
r e v e r s i b l e " ) s i t e s s h o w i n g s l o w e r e q u i l i b r i u m t i m e s 
o r t h a t t h e f l o w r a t e was t o o f a s t f o r e q u i l i b r i u m t o 
be a c h i e v e d . 
A t 50% b r e a k t h r o u g h t h e c a p a c i t i e s a r e as f o l l o w s : -
c a p a c i t y = w e i g h t l o a d e d 
w e i g h t o f e x c h a n g e r 
T i 0 2 = 130 ug = 53 pg c o b a l t p e r g r a m T i O 2 
2.5 g 
Z r 0 2 = 86 pg = 20 pg c o b a l t p e r g r a m Z r 0 2 
4, J g 
F o r b o t h e x c h a n g e r s ( T i 0 2 & Z r 0 2 ) a n i n t e r e s t i n g 
r e s u l t was r e c o r d e d as t h e c o l u m n was c o o l i n g down 
(s e e T a b l e s 30 & 3 1 ) . The a c t i v i t y i n t h e f i n a l 6ml 
s a m p l e c o l l e c t e d , was f a r i n eaccess o f t h a t l o a d e d 
f o r a 6ml a l i q u o t . 
1 6 1 
9C 
80 










To" T 72 84 96 108 t 120 —P-132 144 156 168 180 
W e i g h t i n M i c r o g r a m s o f C o b a l t l o a d e d 
Peccontaqe Broakthrough vs Weight Loaded for ZrO. 










4U 60 72 B4 96 108 120 132 
Weight i n Miccograms of Cobalt loaded 
144 156 168 180 
One p o s s i b l e e x p l a n a t i o n , , i s t h a t as t h e c a p a c i t y o f 
t h e c o l u m n d e c r e a s e s w i t h a d e c r e a s e i n t e m p e r a t u r e , 
t h e c o l u m n i s n o t a b l e t o r e t a i n t h e p r e v i o u s l y 
l o a d e d c o b a l t w h i c h now f l o o d s t h r o u g h . 
The t o t a l a c t i v i t y r e c o v e r e d f r o m t h e T i 0 2 and 
ZrO^ c o l u m n s was 4 6 % and 6 5 ^ r e s p e c t i v e l y . The T i 0 2 
c o l u m n was t h e n f l u s h e d w i t h 120ml o f 0.2M t a r t a r i c 
a c i d pH4.4, w h i c h r e m o v e d a f u r t h e r 3% o f a c t i v i t y , 
t h u s 5 1 % o f t h e a c t i v i t y l o a d e d was i r r e v e r s i b l y 
b o u n d . Time d i d n o t a l l o w t h e same e x e r c i s e t o be 
c a r r i e d o u t f o r t h e Z r 0 2 c o l u m n , b u t g i v e n t h e 
e x p e r i e n c e f r o m t h e r e c o v e r y t r i a l s t h e n i t w o u l d be 
u n l i k e l y t h a t more t h a n 3% w o u l d be e l u t e d f r o m o f f 
t h e ZrO^ c o l u m n , h e n c e l e a v i n g a p p r o x i m a t e l y 30% 
i r r e v e r s i b l e b o u n d o n t o t h e Z r 0 2 c o l u m n . 
P r e l i m i n a r y a s s e s s m e n t showed t h e ZAP a n d PCGB 
t o h a v e c o n s i d e r a b l y h i g h e r e x c h a n g e c a p a c i t y t h a n 
t h e T i 0 2 a nd Z r 0 2 e x c h a n g e r s , t h e r e f o r e a 0.2cm i d . x 
5cm c o l u m n was p a c k e d w i t h f r e s h m a t e r i a l . The 
p r o c e d u r e a d o p t e d f o r l o a d i n g c o b a l t - 6 0 o n t o t h e s e 
c o l u m n s and c o l l e c t i o n o f e x t r a c t s was t h e same as 
t h a t u s e d f o r t h e T i 0 2 a nd Z r 0 2 c o l u m n s . 
The ZAP e x c h a n g e r was l o a d e d a t 1.5ppm c o b a l t 
min-"^ f o r 8 h o u r s o v e r a t h r e e d a y p e r i o d , w i t h o u t 
any i n d i c a t i o n o f b r e a k t h r o u g h o c c u r r i n g ( A t t h e e n d 
o f e a c h d a y t h e c o l u m n was i s o l a t e d a t t e m p e r a t u r e as 
p r e v i o u s l y d i s c u s s e d C h a p t e r 5, p r e v e n t i n g a n y 
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p o s s i b l e l e a c h i n g o r f l o w o f s o l u t i o n t h r o u g h t h e 
c o l u m n o v e r n i g h t ) . A s i m i l a r p r o c e d u r e was a d o p t e d 
f o r l o a d i n g t h e PCGB c o l u m n . 
R e s u l t s f o r t h e ZAP c o l u m n a r e shown i n T a b l e 
32. The PCGB c o l u m n g a v e s i m i l a r r e s u l t s a n d 
t h e r e f o r e a t a b l e was n o t p r o d u c e d . B o t h s e t s o f 
r e s u l t s showed t h a t no b r e a k t h r o u g h h a d o c c u r e d 
f o l l o w i n g a t o t a l l o a d i n g o f 2500 pg and 450 ^j.g o f 
c o b a l t o n t o t h e ZAP a n d PCGB c o l u m n s r e s p e c t i v e l y . 
C olumn c a p a c i t i e s f o r c o b a l t a r e >7200 ^ g g - 1 f o r ZAP 
and >1600 p g g - 1 f o r PCGB. 
The t o t a l c a p a c i t y e x p e r i m e n t s f o r b o t h t h e ZAP 
and PCGB c o l u m n s w e r e n o t c o n t i n u e d t o a c o n c l u s i o n 
b e c a u s e : -
(a) I t had b e e n c l e a r l y d e m o n s t r a t e d t h a t t h e y 
had s u f f i c i e n t c a p a c i t y t o r e t a i n f a r more t h a n t h e 
e x p e c t e d c a t i o n i c l o a d i n g . 
(b) D u r i n g c o o l i n g down o f t h e c o l u m n s a t t h e 
end o f t h e e x p e r i m e n t , t h e s a m p l e s c o l l e c t e d showed 
no s i g n s o f b r e a k t h r o u g h , t h u s i n d i c a t i n g a l a r g e 
c a p a c i t y e v e n a t r o o m t e m p e r a t u r e . 
(c ) T h e r e was o n l y l i m i t e d t i m e a v a i l a b l e f o r 
t h e s e r a d i o n u c l i d e s t u d i e s a n d t o h a v e c o n t i n u e d 
w o u l d h a v e b e e n a d i s p r o p o r t i o n a t e u s e o f t i m e 
r e l a t i v e t o t h e u s e f u l n e s s o f t h e i n f o r m a t i o n g a i n e d . 
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T a b l e 32 
E x c h a n g e c a p a c i t y o f ZAP @ 300 C 
W e i g h t Bkgd % 
L o a d e d C o r r B r e a k -
(ug) C o u n t t h r o u g h 
W e i g h t B k g d 
L o a d e d C o r r 
( p g ) C o u n t 
% 
B r e a k -
t h r o u g h 
7 4652 2 1 . 4 590 462 0.8 
14 183 0.8 660 383 0.7 
21 288 1.3 720 73 0.1 
28 384 1-8 790 2 0 1 0.4 
35 612 2.8 860 183 0.3 
42 436 2.0 930 192 0.4 
50 420 1.9 1000 227 0.4 
57 280 1.3 1070 379 0.7 
64 466 2.1 1140 198 0.4 
71 2 5 1 1.2 1210 323 0.6 
78 228 1.0 1280 223 0.4 
85 165 0.8 1350 1 7 1 0.3 
92 153 0.7 1420 170 0.3 
100 109 0.5 1480 223 0.4 
107 278 1.3 1550 236 0.4 
114 1 2 1 0.6 1620 103 0.2 
121 140 0.6 1690 217 0.4 
128 91 0.4 1760 88 0.2 
158 345 0.6 1830 275 0.5 
168 149 0.4 1900 148 0.3 
186 146 0.4 1970 217 0.4 
200 61 0.2 2040 203 0.4 
226 346 0.6 2130 159 0.3 
253 329 0.6 2220 104 0.2 
280 . 1 8 1 0.3 2290 143 0.3 
300 167 0.5 2340 183 0.3 
346 410 0.4 2375 312 0.6 
392 466 0.5 2430 132 0-2 
420 82 0.2 *2450 1770 6.4 
455 233 0.3 *2470 647 2..3 
520 522 1.0 *2500 508 1.8 
* A n a l y t e s c o l l e c t e d w h i l s t c o l u m n c o o l i n g down 
Bkgd C o r r C o u n t = B a c k g r o u n d C o r r e c t e d C o u n t 
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As a f i n a l e x p e r i m e n t a n a t t e m p t t o e l u t e c o b a l t 
f r o m t h e ZAP c o l u m n r e c o v e r e d o n l y 6.3% , 
i n d i c a t i n g t h a t a p p r o x i m a t e l y 9 4 % was i r r e v e r s i b i l y 
b o u n d o n t o t h e c o l u m n . 
6.3.4 G e n e r a l D i s c u s s i o n o f t h e P a r t One E x p e r i m e n t s 
The a d s o r p t i o n o f m e t a l s p e c i e s , p a r t i c u l a r l y 
c o b a l t , o n t o i n o r g a n i c e x c h a n g e r s a t e l e v a t e d 
t e m p e r a t u r e s has b e e n s t u d i e d w i t h t h e o b j e c t i v e o f 
u s i n g t h e e x c h a n g e r t o r e m o v e s o l u b l e m e t a l s p e c i e s 
f r o m r e a c t o r c o o l i n g w a t e r c i r c u i t s a t t e m p e r a t u r e . 
T a w a r i & Lee ( 1 2 9 , 1 8 0 ) i n t h e i r s t u d i e s o f a d s o r p t i o n 
o f c o b a l t o n b o t h Z r 0 2 & T i 0 2 a t t e m p e r a t u r e s u p t o 
200°C, s t a t e d t h a t a d s o r p t i o n i n c r e a s e s w i t h 
t e m p e r a t u r e a n d a p p e a r s t o be s u r f a c e ( n o t b u l k ) 
p r e c i p i t a t i o n o f i n s o l u b l e C o ( 0 H ) 2 / due t o b e 
i n c r e a s e d h y d r o l y s i s o f Co ( I I ) . T h e y c o n c l u d e d t h a t 
a t h i g h e r t e m p e r a t u r e s (300°C) t h e p r e c i p i t a t e r e a c t s 
w i t h t h e s u b s t r a t e t o f o r m s p i n e l s , as d o e s c o r r o s i o n 
p r o d u c t o x i d e s , s u c h a s CoO. T h e r m o d y n a m i c . s t u d i e s 
b y M a c d o n a l d e t a l . ( 1 8 7 , 1 8 8 ) , i n d i c a t e d t h a t a b o v e 
220°C and i n t h e a b s e n c e o f h y d r o g e n ( c o n d i t i o n s 
p r e v a i l i n g i n t h e s e e x p e r i m e n t s ) , t h e m o s t s t a b l e 
c o b a l t s p e c i e s w i l l be CoO. F i n a l l y K i k u c h i & F u j i t a 
e t a l . ( 1 2 9 - 1 3 1 ) , showed t h a t c o b a l t a d s o r p t i o n o n t o 
T i O 2 was a f u n c t i o n o f t e m p e r a t u r e . 
167 
As t h e t e m p e r a t u r e i n c r e a s e d , s o t o o d i d t h e c a p a c i t y 
and c o n v e r s e l y as t h e t e m p e r a t u r e d e c r e a s e d t h e n t h e 
c a p a c i t y d i d l i k e w i s e . T h e y s u g g e s t e d t h a t t w o 
m e c hanisms o c c u r . A t t e m p e r a t u r e s <120°C t h e n t h e 
p r o c e s s i s a n i o n - e x c h a n g e r e a c t i o n . A t t e m p e r a t u r e s 
>1202C t h e n c h e m i c a l a d s o r p t i o n p r e d o m i n a t e s t h e 
c o b a l t r e a c t i n g w i t h T i 0 2 t o f o r m i n s o l u b l e c o b a l t 
m e t a - t i t a n a t e CoTi02 . I n c o n s i d e r a t i o n o f t h e s e 
s t u d i e s t o t h e r e s u l t s o b t a i n e d , t h e n t h e s u g g e s t i o n 
o f an i o n - e x c h a n g e m e c h a n i s m o c c u r r i n g b e l o w 120°C 
w o u l d a g r e e w i t h t h e o b s e r v a t i o n o f h i g h e r p e r c e n t a g e 
r e c o v e r i e s a c h i e v e d w i t h s a m p l e s l o a d e d a t r o o m 
t e m p e r a t u r e . 
F o r s a m p l e s l o a d e d a t 300*C, t h e c o b a l t i n 
s o l u t i o n p r e c i p i t a t e s o u t as a n i n s o l u b l e h y d r o x i d e . 
CoO + H^O ^Co (0H)2 
T h i s h y d r o x i d e t h e n r e a c t s w i t h t h e e x c h a n g e r 
and f o r m s a t t h e s u r f a c e i n t e r f a c e a c o v a l e n t 
compound ( s p i n e l ) . T h u s , i n i t i a l r e s u l t s show p o o r 
r e c o v e r i e s , h o w e v e r o n c e t h e s u r f a c e has a c o a t i n g o f 
t h e i n s o l u b l e s p i n e K ( w h i c h e f f e c t i v e l y means t h e 
c a t i o n i s i r r e v e r s i b l y b o u n d ) , t h e i n s o l u b l e c o b a l t 
h y d r o x i d e r e m a i n i n g i s a v a i l a b l e f o r c o m p l e x a t i o n 
w i t h t h e t a r t r a t e e l u e n t , as t h e c o l u m n c o o l s down. 
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Hence when t h e Z r 0 2 a n d T i 0 2 c o l u m n s c o o l e d 
down c o b a l t f l o o d s t h e c o l u m n b e c a u s e t h e t e m p e r a t u r e 
d e p e n d a n t c a p a c i t y h a s now d e m i n i s h e d a n d i s u n a b l e 
t o c o p e w i t h t h e c o n c e n t r a t i o n o f r e s o l u b i l i s e d 
c o b a l t . The f a c t t h a t c o b a l t d i d n o t f l o o d t h e PCGB 
o r ZAP c o l u m n w o u l d i n d i c a t e t h a t c a p a c i t y o f t h e s e 
c o l u m n s i s l a r g e , e v e n a t a m b i e n t t e m p e r a t u r e s . 
The m o s t f a v o u r e d t y p e o f e x c h a n g e m e c h a n i s m 
o c c u r r i n g o n t h e ZAP c o l u m n i s t h e same as t h a t 
o c c u r r i n g o n t h e T i 0 2 a n d Zr02 c o l u m n s . P r e c i p i t a t i o n 
o f c o b a l t as i t s h y d r o x i d e , o f w h i c h a s m a l l 
p r o p o r t i o n may o r may n o t f o r m a s u r f a c e s p i n e l o n 
t h e e x c h a n g e r , t h e b u l k r e m a i n i n g a s a n i n s o l u b l e 
p r e c i p i t a t e - As t h e c o l u m n c o o l s down t h e c o b a l t 
r e s o l u b i l i s e s a n d i s a b l e t o e x c h a n g e w i t h a v a i l a b l e 
e x c h a n g e s i t e s , w h i c h f o r t h e ZAP e x c h a n g e r i s l a r g e . 
W h e t h e r s u r f a c e s p i n e l s a r e f o r m e d o n t h e PCGB 
e x c h a n g e r o r t h a t more t h a n o n e t y p e o f e x c h a n g e s i t e 
i s a v a i l a b l e ( d e p e n d e n t u p o n t e m p e r a t u r e ) , i s a 
m a t t e r f o r f u r t h e r r e s e a r c h b e y o n d t h e s c o p e o f t h i s 
w o r k , as i s t h e s t u d y o f t h e e x c h a n g e m e c h a n i s m s f o r 
t h e o t h e r t h r e e e x c h a n g e r s e v a l u a t e d . I n e i t h e r c a s e 
t h e r e i s s u f f i c i e n t c a p a c i t y a t 300*C t o r e t a i n w e l l 
i n e x c e s s o f t h e e x p e c t e d t r a c e m e t a l l o a d i n g . What 
i s e s s e n t i a l i s t h a t w h a t e v e r m e c h a n i s m i s i n v o l v e d 
i t r e m a i n s c o n s t a n t e n a b l i n g t h e s y s t e m t o be 
c a l i b r a t e d . 
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On t h e b a s i s o f t h e s e o b s e r v a t i o n s a n d t h o s e o f 
C h a p t e r 5, a d e c i s i o n was t a k e n t o c o n c l u d e t h e 
s e c o n d p a r t o f t h e s e e x p e r i m e n t s , c o n c e n t r a t i n g o n 
t h e t w o most p r o m i s i n g o f t h e e x c h a n g e r s , T i 0 2 a n d 
ZAP. 
P r i o r t o t h e p a r t t w o e x p e r i m e n t s t h e e q u i p m e n t was 
d i s m a n t l e d i n o r d e r t o move i t t o a d i f f e r e n t 
l a b o r a t o r y a nd m o n i t o r i n g o f t h e e q u i p m e n t r e v e a l e d 
t h a t t h e t r a n s f e r l i n e s a n d s a m p l e . pump h e a d 
c o n t a i n e d c o b a l t - 6 0 , p r e s u m a b l y b u i l t up b y 
a d s o r p t i o n o n t o t h e m e t a l s u r f a c e s d u r i n g t h e 
e x p e r i m e n t s . T h i s r e v e l a t i o n i n i t i a l l y m i g h t c a s t 
d o u b t s o v e r t h e v a l i d i t y o f t h e o r i g i n a l - w o r k . 
H o w e v e r s t a n d a r d s u s e d i n a l l c a l c u l a t i o n s w e r e 
o b t a i n e d by p u m p i n g s a m p l e s a l o n g t h e t r a n s f e r 
( s a m p l i n g ) l i n e ( T l ) , F i g u r e 3 5 , p r i o r t o a n d d u r i n g 
e x p e r i m e n t s . The o n l y d i f f e r e n c e w i l l a r i s e f o r 
s a m p l e s pumped o n t o t h e p r e c o n c e n t r a t i o n c o l u m n 
t h r o u g h s a m p l e l i n e ( T 2 ) , w h i c h i s b a c k f l u s h e d w i t h 
0.2M t a r t r a t e e a c h t i m e p r e v i o u s l y c o l l e c t e d m e t a l 
s p e c i e s a r e e l u t e d , t h u s l o s s o f s a m p l e a t t h i s 
p o s i t i o n w o u l d be t h e same as i f o n t h e c o l u m n 
i t s e l f . The s a m p l i n g l i n e ( T 2 ) , may w e l l a d s o r b some 
a c t i v i t y a nd a c t as a v e r y l o w c a p a c i t y i o n - e x c h a n g e r 
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i t s e l f , b u t w o u l d q u i c k l y a t t a i n e q u i l i b r i u m h a v i n g 
h a d i t s s u r f a c e c o a t e d w i t h e i t h e r a n i n s o l u b l e 
c o v a l e n t s p i n e l o r b y h a v i n g a l l i t s " i n a c c e s s i b l e 
s i t e s " o c c u p i e d . C o n s e q u e n t l y t h e d i f f e r e n c e b e t w e e n 
s t a n d a r d s and s a m p l e s l o a d e d i s n e g l i g i b l e a n d 
p r e v i o u s l y c a l c u l a t e d r e s u l t s r e m a i n v a l i d . The 
s a m p l i n g l i n e ( T 2 ) , was c h a n g e d a t t h i s p o i n t a n d a 
new one f i t t e d . 
1 7 1 
6.4 P a r t Two E x p e r i m e n t s 
6.4.1 E x p e r i m e n t o n e : R e t e n t i o n a n d R e c o v e r y . 
S t u d i e s o n T i 0 2 w e r e c a r r i e d o u t o v e r t h e 
f o l l o w i n g t e m p e r a t u r e r a n g e ; room t e m p e r a t u r e , 100*'c, 
200*'c, and BOO'c u s i n g t h e same Co-60:Fe-59 s t a n d a r d 
s o l u t i o n ( 5 4 p g m l ~ ^ : 6 n g ml-1 ) , T a b l e s 3 3 - 3 6 . C olumns 
w e r e f r e s h l y p a c k e d f o r e a c h d i f f e r e n t t e m p e r a t u r e , 
i n t e r e s t f o c u s i n g u p o n t h e r e c o v e r y o f c o b a l t a n d 
i r o n u s i n g t h e minimum v o l u m e o f e l u e n t . 
The g e n e r a l p r o c e d u r e a d o p t e d f o r l o a d i n g a n d 
e l u t i n g o f f t h e c o l u m n s was as f o l l o w s : -
i ) C o n s t a n t l o a d i n g r a t e l - 2 5 m l m i n ~ l 
11) C o l l e c t f i r s t 5ml a l i q u o t w h i l s t c o l u m n w a r m i n g 
u p . 
i i i ) C o l l e c t n e x t 4 x 5 m l a l i q u o t s and b u l k t o g e t h e r as 
one a n a l y t e . 
i v ) I s o l a t e c o l u m n and a l l o w t o c o o l down f o r 10 
m i n u t e s . 
v ) B a c k f l u s h o f f c o l u m n a t 1.5ml m i n " ^ . 
v i ) C o l l e c t a n a l y t e s e v e r y 2 m i n u t e s ( t o t a l o f 3 
s a m p l e s c o l l e c t e d ) . 
v i i ) O c c a s i o n a l l y w h i l s t e l u t i n g o f f t h e c o l u m n , 
c o n t r o l s t a n d a r d s pumped t h r o u g h t h e s y s t e m w e r e 
c o l l e c t e d and c o u n t e d -
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The a n a l y t e s c o l l e c t e d w e r e n u m b e r e d : -
Nos 1-5 5ml f r a c t i o n s c o l l e c t e d w h i l e s t l o a d i n g 
c o l u m n . 
Nos 6-8 3ml e l u a t e f r a c t i o n s . 
No 9 5ml c o n t r o l s t a n d a r d p a s s e d t h r o u g h pump, 
t r a n s f e r l i n e s a nd i n j e c t o r . 
The c o u n t s o b t a i n e d r e f e r t o t h e t o t a l a c t i v i t y 
m e a s u r e d by t h e g r o s s ( t o t a l ) gamma c o u n t e r a n d a r e a 
c o m b i n a t i o n o f b o t h Co-60 a n d Fe-59 a c t i v i t y . O n l y 
l i m i t e d g a m m a - s p e c t r o m e t r y c o u n t i n g was c a r r i e d o u t 
b e c a u s e o f a v a i l a b l i t y o f . i n s t r u m e n t a t i o n a n d l e n g t h 
o f t i m e r e q u i r e d t o c o u n t t h e a n a l y t e s . A minimum o f 
s i x r e p l i c a t e s w e r e p e r f o r m e d f o r e a c h t e m p e r a t u r e 
s t u d i e d . 
A f u r t h e r s t u d y o f t h e e x c h a n g e r T i 0 2 a t 300°C 
was c a r r i e d o u t , u s i n g t h e same c o l u m n as u s e d f o r 
t h e p r e v i o u s 300*C e x p e r i m e n t . T a b l e 37, The p u r p o s e 
o f t h i s s t u d y was t o m e a s u r e t h e r e c o v e r y o f c o b a l t 
and i r o n w i t h j u s t 5ml o f e l u e n t . L o a d i n g was a t t h e 
same f l o w r a t e as b e f o r e , b u t t h i s t i m e o n l y 15ml o f 
s a m p l e was l o a d e d a n d e l u t i o n f l o w r a t e was 1ml p e r 
m i n u t e , 5 x 1ml a l i q u o t s w e r e c o l l e c t e d f o r c o u n t i n g . 
F o l l o w i n g e a c h d i f f e r e n t t e m p e r a t u r e e x p e r i m e n t , 
t h e c o l u m n was d e p a c k e d . The w a s h i n g s a n d c o l u m n 
m a t e r i a l was c o u n t e d i n o r d e r t o a c h i e v e a mass 
b a l a n c e . The r e s u l t s a r e g i v e n i n T a b l e 38, 
173 
T a b l e 33 
R e c o v e r y E x p e r i m e n t s : T i O ^ a t Room T e m p e r a t u r e 
N^ '^s Bkgd % 
C o r r Cum 
C o u n t T o t a l 
t-spec Nos Bkgd % 8 - s p e c 
Bq ml C o r r Cum Bq ml 
Co:Fe C o u n t T o t a l Co:Fe 
1-5 14124 25. 5 5 1 - 55 14084 25. 4 
6 18976 46, 0 27:42 56 27892 67. 5 
7 2930 53. 1 57 5931 8 1 . 9 
8 1568 56. 9 58 3180 89. 6 
11-15 12827 23. 2 6 1 - 65 15302 27. 6 
16 190 9 1 44. 9 34 : 28 66 26163 65. 3 
17 2827 5 1 . 5 67 5664 79. 4 
18 1871 55. 9 68 3150 87, 3 
21-25 11439 20. 7 7 1 - 75 16944 30. 6 
26 21487 48. 9 40:29 76 28134 73. 2 
27 4427 59. 0 77 6104 89. 1 
28 2500 64. 7 78 3272 97. 6 
31-35 15870 28. 7 8 1 - 85 1 5 8 4 1 28. 6 
36 2 6 0 9 1 66. 0 48:37 86 27845 70. 4 
37 4 2 3 1 76. 7 87 60 8 1 85. 8 
38 2503 83. 1 88 4310 96. 7 
41-45 13330 24. 1 
46 26842 63. 8 49:37 
47 5 6 3 1 77. 2 
48 2937 84. 2 





Bkgd C o r r C o u n t = B a c k g r o u n d c o r r e c t e d c o u n t . 
% Cum T o t a l = P e r c e n t a g e C u m u l a t i v e T o t a l ( b a s e d o n 
t o t a l a c t i v i t y l o a d e d ) , 
JJ-Spec = G a m m a - S p e c t r o m e t r y . 
A v e r a g e d t o t a l c o u n t 5 x 25 m l s t d . = 55385 
A v e r a g e d S-Spec c o u n t 3 x 25ml s t d . = Co:Fe 60:145 
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T a b l e 34 
N°s 
R e c o v e r y E x p e r i m e n t s : T±0-y a t 100 C 
Bkgd % 
C o r r Cum 
C o u n t T o t a l 
^J-spec Nos Bkgd % ^ - s p e c 
Bq ml C o r r Cum Bq ml 
Co:Fe C o u n t T o t a l Co:Fe 
300 









3 4 1 
342 








310 1640 5.4 350 1853 6.1 
311 1 8 5 6 1 66.7 3 7 : 2 1 3 5 1 20363 73.4 41:26 
312 4027 80.0 352 4139 87.0 4:11 
320 








38 : 24 
360 









4 : 12 
330 1837 6.1 
33 1 2 0 5 9 1 72.4 
332 4055 86.7 
41:27 
O n l y 15ml l o a d e d p e r r e p l i c a t e . 
Bkgd C o r r C o u n t = B a c k g r o u n d c o r r e c t e d c o u n t . 
% Cum T o t a l = P e r c e n t a g e C u m u l a t i v e T o t a l ( b a s e d o n 
t o t a l a c t i v i t y l o a d e d ) • 
y-Spec = G a m m a - S p e c t r o m e t r y . 
A v e r a g e d t o t a l c o u n t 3 x 1 5 m l s t d . = 30276 
A v e r a g e d iJ-Spec c o u n t 3 x 25ml s t d . = C o i F e 39:90 
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Table 35 
Recovery Experiments: TiO:> a t 200°C 
N<^ s Bkgd % 
Corr Cum 
Count T o t a l 
S-spec Nos Bkgd % S-spec 
Bq ml Corr Cum Bq ml 
Co:Fe Count T o t a l Co:Fe 
200 1697 5.7 
201 11993 45.9 




















































































15ml loaded per r e p l i c a t e . 
Bkgd Corr Count = Background c o r r e c t e d count. 
% Cum T o t a l = Percentage Cumulative T o t a l (based on 
t o t a l a c t i v i t y loaded). 
iJ-Spec = Gamma-Spectrometry. 
Averaged t o t a l count 3 x 15ml s t d . = 30276 
Averaged X-Spec count 2 x 15ml s t d . = Co:Fe 42:90 
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Table 36 
N^s Bkgd % X-spec Nos Bkgd % >$-spec 
Corr Cum Bq ml Corr Cum Bq ml 
Count T o t a l CoiFe Count T o t a l Co: Fe 
101 4809 10.1 151 4298 7.4 
102- 5 631 11.4 152- 5 480 8.2 
106 12009 36.7 27:10 156 29401 58.6 61: 25 
107 2174 41. 2 157 4499 66.3 
108 1196 43.8 158 6191 76.9 
111 2872 6.0 161 2664 4.6 
112- 5 196 6.5 162- 5 237 5.0 
116 14275 36.5 32:10 166 28053 53.0 59 : 28 
117 3038 42.9 167 4849 61.4 
118 2234 47.6 168 3674 67.7 
121 836 1.5 171 655 .1.1 
122- 5 163 1.8 172- 5 218 1.5 
126 21308 39.1 45:15 176 33874 59.5 63: 45 
127 3011 44.3 177 8159 73.5 10: 21 
128 1577 47.1 178 2977 78-6 
131 4783 10.1 181 2690 4.6 
132- 5 449 11.0 182- 5 163 4.9 
136 18614 44.8 42:16 186 34149 63.4 61: 54 
137 3067 50.3 187 6337 74.3 8: 17 
138 2275 55.1 188 3097 79.6 
141 3064 5.3 191 414 0.7 
142--5 233 5.7 192--5 237 1.1 
146 18951 38.2 43:13 196 31927 55.8 62 : 37 
147 3182 43.7 197 5942 66.0 
148 1588 46.4 198 2772 70.8 
From 151 onwards a new standard was loaded 
25ml loaded per r e p l i c a t e . 
Bkgd Corr Count = Background c o r r e c t e d count. 
% Cum T o t a l = Percentage Cumulative T o t a l (based on 
t o t a l a c t i v i t y loaded). 
2J-Spec = Gamma-Spectrometry. 
Averaged t o t a l count 4 x 25ml s t d . = 59604 
Averaged ^-Spec count 3 x 25ml s t d . = Co:Fe 69:165 
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Table 37 
Further Recovery Experiments: TiO^ a t 300°C 
Bkgd % ^-spec 
Corr Cum Bq ml 
Count T o t a l Co: Fe 
500 2129 5.5 
501 10266 31.8 
502 3692 41.3 
503 2072 46.6 
504 1456 50. 3 
505 1147 53.3 
510 1237 3-2 
511 12579 35.4 28:9 
512 4229 46.3 8:7 
513 2853 53. 6 4:7 
514 1232 56.8 
515 535 58.1 
520 500 1.3 
521 11453 30.7 26:10 
522 5102 43.7 9:7 
523 2832 51.0 4:7 
524 1718 55. 4 
525 2035 60.6 
15ml loaded per r e p l i c a t e . 
Bkgd Corr Count = Background c o r r e c t e d count. 
% Cum T o t a l = Percentage Cumulative T o t a l (based on 
t o t a l a c t i v i t y loaded). 
>J-Spec = Gamma-Spectrometry. 
Averaged t o t a l count 2 x 15ml s t d . = 38985 
Averaged if-Spec count 2 x 15ml s t d , = Co:Fe 51:108 
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C o n s i d e r a t i o n of the t o t a l )S-counts f o r Ti02 a t 
room temperature (Table 33), shows i n percentage 
terms an increased recovery from o f f the exchanger. 
A f t e r the f o u r t h r e p l i c a t e sample, r e p r o d u c i b l e 
r e c o v e r i e s of 65-70% were achieved w i t h 3ml of e l u e n t 
and 85-95% w i t h 9ml of e l u e n t - Gamma spectrometry of 
the ahalytes shows t h a t the recovery i s f o r c o b a l t 
and t h a t the m a j o r i t y of the i r o n i s r e t a i n e d on the 
column. Percentage recovery f i g u r e s f o r c o b a l t based 
on a standard pumped through the sample l i n e t o the 
i n j e c t o r , i n d i c a t e t h a t approximately 85% was 
recovered w i t h 3ml of e l u e n t . During l o a d i n g t h e r e i s 
a c o n s i s t e n t breakthrough of approximately 25% of the 
t o t a l a c t i v i t y loaded. E a r l i e r work (Chapter 5.7) 
showed t h a t c o b a l t was r e t a i n e d on the- column a t room 
temperature, t h e r e f o r e t h i s breakthrough must be 
associated w i t h the presence of i r o n , a t the h i g h e r 
c o n c e n t r a t i o n of 6ppb. 
At the increased temperatures of 100**C Table 34, 
200'*C Table 35 and 300°C Table 36, t h e r e i s an 
i n c r e a s i n g r e d u c t i o n i n breakthrough corresponding t o 
an increase i n temperature. This o b s e r v a t i o n may be 
due t o a combination of f a c t o r s ; ( i ) Increased 
c a p a c i t y w i t h increase i n temperature (131), ( i i ) 
t h a t the a f f i n i t y of i r o n f o r the exchanger i s 
temperature dependent and ( i i i ) t h a t a t e l e v a t e d 
temperatures i r o n p r e c i p i t a t e s out of s o l u t i o n and 
remains on t o p o f the column-
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Recovery again shows t h e same p a t t e r n , w i t h 55-
65% recovery of t o t a l a c t i v i t y loaded (or 85-90% o f 
c o b a l t a c t i v i t y loaded) using 3ml e l u e n t and 
approximately 100% recovery of c o b a l t w i t h 6ml 
el u e n t . Table 36- I r o n recovered using 9ml of e l u e n t 
was poor, w i t h between 30-45% recovered ( s l i g h t l y 
higher r e c o v e r i e s being associated w i t h lower 
temperatures). 
Table 37 was a more d e t a i l e d look a t recovery 
from the Ti02 exchanger. The r e s u l t s show the 
very low breakthrough o c c u r i n g a t 300°C. Analytes 500 
and 510 both had standards pumped through the 
t r a n s f e r l i n e s p r i o r t o l o a d i n g of those samples, 
t h e r e f o r e the s l i g h t l y h i g h e r counts recorded are 
associated w i t h a small c a r r y over remaining i n 
sample l i n e T4 (see Figure 35). Analyte 520, which 
d i d not have a standard pumped through p r i o r t o 
lo a d i n g , had a count of 500 (1.3% breakthrough) and 
i s more r e p r e s e n t a t i v e o f what i s a c t u a l l y o c c u r r i n g , 
d u r i n g the loading of samples onto the Ti02 exchanger 
a t SOO'^ C. Gamma spectrometry r e s u l t s f o r c o b a l t show 
re c o v e r i e s o f - approximately 55% w i t h 1ml, 67% w i t h 
2ml and 76% w i t h 3ml. I r o n again had r e c o v e r i e s o f 
around 25%, w i t h 3ml of e l u e n t , c o n f i r m i n g the 
previous r e s u l t s and again showing the p r e f e r e n t i a l 
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y-counts of the a c t i v i t y from the two 
The r e c o v e r i e s and mass balance equations above, 
g e n e r a l l y gave values i n eaccess of 100%. Recoveries 
as presented may a r i s e through v a r i a t i o n s i n c o u n t i n g 
s t a t i s t i c s of e i t h e r the a n a l y t e s or c o n t r o l standard 
used t o c a l c u l a t e a c t i v i t y loaded- Absolute 
percentage values should t h e r e f o r e be t r e a t e d w i t h 
c a u t i o n , although the o v e r a l l t rends emerging from 
the use of Ti02 a t v a r i o u s temperatures, i s , as 
commented upon, c l e a r l y demonstrated. 
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S i m i l a r t r i a l s were c a r r i e d out on ZAP a t room 
o 
temperature and 300 C. The r e s u l t s o f these 
experiments together w i t h a t a b l e of r e s u l t s f o r 
standard s o l u t i o n s pumped through the sample l i n e s 
are presented i n Tables 39-41. Sample volumes loaded 
were 15ml. The f l o w r a t e was 1.5ml min~l and e l u t i o n 
of a n a l y t e s (3 x 3ml a l i q u o t s ) was w i t h 0.2M t a r t r a t e 
pH 4.5. 
Table 39 shows the r e s u l t s of the standard 
s o l u t i o n pumped through the system a t both room 
temperature and 300°C- The standards, a n a l y t e numbers 
500-502, show a d s o r p t i o n losses of approximately 10% 
f o r c o b a l t and 65% f o r i r o n . The losses are 
associated w i t h pumping the standard through the 
sample l i n e s p r i o r t o l o a d i n g (Figure 3 ) . Analytes 
503-508 were c o l l e c t e d d u r i n g the e l u t i o n from o f f 
the column a t room temperature. The standards show a 
p e r s i s t e n t loss of about 10% of c o b a l t , by a d s o r p t i o n 
onto surfaces w i t h i n the system p r i o r t o the 
precolumn i n l e t sample l i n e ( T2). At these 
c o n c e n t r a t i o n s , a 10% loss i s e q u i v a l e n t t o 6pg m l " l 
of c o b a l t . The a d s o r p t i o n losses o f i r o n were 
con s i d e r a b l y less f o r those standards c o l l e c t e d 
d u r i n g the experiment ( a n a l y t e numbers 503 508), than 
those c o l l e c t e d a t the b e g i n i n g (501-502) and i s 
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Table 39 





Where sample was c o l l e c t e d 
Count Co: Fe 
500 63657 73: 220 s t r a i g h t from stock s o l u t i o n 
501 38854 64: 80 precolumn i n l e t a t s t a r t 
502 38790 64: 78 precolumn i n l e t a t s t a r t 
503 49398 72: 144 backpressure valve d u r i n g r un 
504 51438 66: 162 backpressure valve a t end 
505 69588 58 : 300 precolumn i n l e t a t end 
506 49990 64: 142 backpressure valve d u r i n g run 
507 49974 64: 158 backpressure valve a t end 
508 88580 56: 400 precolumn i n l e t a t end 
15ml loaded per r e p l i c a t e . 
Bkgd Corr Count = Background c o r r e c t e d count-
% Cum T o t a l = Percentage Cumulative T o t a l (based on 
t o t a l a c t i v i t y loaded). 
^-Spec = Gamma-Spectrometry. 
N^s 501-505 c o l l e c t e d d u r i n g room temperature t r i a l 
N°s 506-508 c o l l e c t e d d u r i n g 300*C t r i a l 
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Table 40 
Recovery Experiments: ZAP a t Room Temperature 
NOs Bkgd % ^-spec NoS Bkgd % ^-spec 
Corr Cum Bq ml Corr Cum Bq ml 
Count T o t a l Co:Fe Count T o t a l Co: Fe 
510 9673 19.2 525 4611 9.1 1:26 
511 33714 86.1 73:32 526 28137 65.0 52:41 
512 3990 93.9 527 3269 71.4 5:9 
513 2246 98.4 528 1782 75.0 2:5 
515 4509 8.9 530 5699 11.3 1:31 
516 29649 67.7 59:46 531 25809 62.5 55:37 
517 2667 73.0 532 3713 69.9 6:10 
518 1719 76.4 533 1888 73-6 3:5 
520 3951 7.8 1:23 535 9065 18.0 1:36 
521 29673 66.7 52:56 536 29964 77.4 58:46 
522 3417 73.5 5:9 537 2963 83.3 3:7 
523 1593 76.6 3:5 538 2229 87.7 3:8 
15ml loaded per r e p l i c a t e . 
Bkgd Corr Count = Background c o r r e c t e d count. 
% Cum T o t a l = Percentage Cumulative T o t a l (based on 
t o t a l a c t i v i t y loaded). 
1£-Spec = Gamma-Spectrometry. 
Averaged t o t a l count 2 x 15ml s t d . = 50418 
Averaged J^-Spec count 2 x 15ml s t d . = Co:Fe 69:153 
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Table 41 
Recovery Experiments: ZAP a t 300 C 
N^S Bkgd % jj-spec Nos Bkgd % ^-spec 
Corr Cum Bq ml Corr Cum Bq ml 
Count T o t a l Co:Fe Count T o t a l Co: Fe 
550 2508 5.0 570 2402 4.8 4:5 
551 29343 63.7 69:25 571 27814 60.5 52:46 
552 3463 70.7 572 3568 67.6 6:9 
553 2289 75.2 573 1534 70.7 2:5 
555 2286 4.6 575 2500 5.0 4:5 
556 28798 62.2 52:51 576 24940 54.9 47:46 
557 3385 69,0 577 3874 62-7 7:8 
558 1780 72.3 578 2648 67.9 4:7 
560 1492 3.0 580 1368 2-7 2:4 
561 24538 52.1 46:41 581 22225 47.2 50:21 
562 3043 58.2 582 3025 53.3 5-: 7 
563 1942 62.1 583 1801 56.9 3:4 
565 862 1.7 1:2 585 2194 4.4 1:2 
566 21739 45.2 48:22 586 24502 53.4 50:26 
567 2830 50.9 5:6 587 3200 59 .8 6:9 
568 1270 53.4 2:5 588 1620 63.1 2:4 
15ml loaded per r e p l i c a t e . 
Bkgd Corr Count = Background c o r r e c t e d count. 
% Cum T o t a l = Percentage Cumulative T o t a l (based on 
t o t a l a c t i v i t y loaded). 
5-Spec = Gamma-Spectrometry. 
Averaged t o t a l count 2 x 15ml s t d . = 49982 
Averaged 8-Spec count 2 x 15ml s t d . = Co:Fe 64:150 
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thought t o be as s o c i a t e d w i t h the e f f e c t s of washing 
the t r a n s f e r l i n e s w i t h t a r t r a t e e l u e n t d u r i n g 
recovery of loaded samples, which,, w h i l e not e l u t i n g 
p r e v i o u s l y r e t a i n e d i r o n from o f f the t r a n s f e r l i n e , 
does make f r e s h s o l u t i o n coming i n t o the l i n e less 
s u s c e p t i b l e f o r a d s o r p t i o n onto s u r f a c e s . While the 
t a r t r a t e had l i t t l e e f f e c t i n e l u t i n g i r o n , the two 
standards pumped through the precolumn i n l e t l i n e Nos 
505 and 508, both showed c o n s i d e r a b l y higher i r o n 
l e v e l s than what was a c t u a l l y pumped through the 
t r a n s f e r l i n e s . This p a r t i c u l a r t r a n s f e r l i n e had 
o 
seen temperatures upto 300 C, t h e r e f o r e the Fe-59 
c o n c e n t r a t i o n i n the l i n e might have been 
consi d e r a b l y higher than i n oth e r l i n e s , thus when 
the standard was pumped through a t room temperature, 
the Fe-59 was d i s p l a c e d by i n a c t i v e i r o n . 
The r e s u l t s f o r the room temperature experiment 
Table 40, show an i n i t i a l increased recovery o f 
c o b a l t ( a n a l y t e 511) associated w i t h l o a d i n g the 
precolumn through a d i f f e r e n t but p r e v i o u s l y used 
t i t a n i u m i n l e t f r i t . The p r e v i o u s l y loaded c o b a l t on 
the f r i t being d i s p l a c e d by i r o n , g i v i n g an i n i t i a l 
h igher recovery. the f u l l s et of r e s u l t s from 
the t h i r d sample shows t h a t breakthrough of 
a c t i v i t y ..during l o a d i n g (approximately 20%) i s 
e s s e n t i a l l y a t t r i b u t i b l e t o i r o n w i t h 
about 1% breakthrough of c o b a l t o c c u r r i n g . 
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Approximately 95% recovery of c o b a l t i s achieved 
w i t h 6ml e l u e n t and v i r t u a l l y 100% recovery w i t h 9ml 
of e l u e n t . Comparison of the r e s u l t s f o r i r o n w i t h 
a nalytes f o r standards pumped through the system 
a l s o show approximately 80% recovery w i t h 3ml o f 
el u e n t and 100% recovery w i t h 9ml. 
The 300°C r e s u l t s Table 41, show a s i m i l a r 
p a t t e r n f o r c o b a l t recovery as t h a t j u s t discussed 
f o r the room temperature r e s u l t s . The i r o n recovery 
f i g u r e s however are much lower (approximately 75% f o r 
9ml of e l u e n t ) and i s thought t o be due t o e i t h e r 
s p i n e l f o r m a t i o n w i t h the surface of exchanger or 
occupation of i r r e v e r s i b l e s i t e s , brought about by 
the e l e vated temperature of sample lo a d i n g (300^0 . 
I t can be seen from the r e s u l t s t h a t a t 300**C a much, 
lower breakthrough occurs, a phenomenon a l s o observed 
on the Ti02 column ( p l 8 0 ) . The lower i r o n f i g u r e may 
be explained by increased p r e c i p i t a t i o n w h i l s t t h e 
higher c o b a l t breakthrough value i s a s s o c i a t e d w i t h 
the p r e f e r e n t i a l a t t r a c t i o n of the Fe ( I I I ) c a t i o n 
f o r the exchanger. 
O v e r a l l c o n s i d e r a t i o n of both the room 
temperature and 300°C r e s u l t s f o r the ZAP exchanger 
would i n d i c a t e t h a t breakthrough i s governed 
p r i n c i p a l l y by temperature a t which the sample was 
loaded, the higher the temperature the lower the 
breakthrough and the lower the recovery f o r i r o n . 
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6.4.2 Experiment Two : T o t a l Capacity-
The preference of the exchangers f o r i r o n 
i n s t e a d of c o b a l t and the r e s u l t s already presented, 
r a i s e obvious q u e s t i o n r e g a r d i n g the t o t a l c a p a c i t y 
of these exchangers when loaded w i t h mixed metal 
s o l u t i o n s . I t t h e r e f o r e needs t o be e s t a b l i s h e d t h a t 
the exchanger has s u f f i c i e n t c a p a c i t y a t 300*C t o 
ensure t h a t a l l the c o b a l t loaded by a ' r e a l sample* 
i s r e t a i n e d on the column. The mixed metal s o l u t i o n s 
have a c o b a l t : i r o n r a t i o of approximately 1:100 (a 
r a t i o t y p i c a l of what i s expected i n a r e a l sample)-
Consequently a t o t a l c a p a c i t y experiment as d e s c r i b e d 
i n the previous chapter was c a r r i e d ' out on the ZAP 
and TiO^ exchangers a t 300**C. 
The s o l u t i o n used f o r the ZAP exchanger, was a 
0.5ppm c o b a l t ( I I ) : 40ppm F e ( I I I ) s o l u t i o n spiked 
w i t h Co-60 : Fe-59. Sample lo a d i n g r a t e was 1.0ml 
m i n " l , w i t h analytes c o l l e c t e d every 5 minutes. The 
r e s u l t s are shown i n t a b l e 42, t o g e t h e r w i t h a s e r i e s 
of standards pumped through the system f o r comparison 
purposes. 
F i r s t l y ^ the r e s u l t s f o r the standards pumped 
through the t r a n s f e r l i n e s , show t h a t a d s o r p t i o n 
losses were n e g l i g i b l e . E a r l i e r work 6.4.1 i n d i c a t e d 
t h a t a d s o r p t i o n losses f o r i r o n amounted t o 65% of a 
15ml (6ppb) s o l u t i o n , which i n a 5ml a l i q u o t may 
amount t o 20hg. 20ng of a 200pq sample l o a d i n g i s 
e q u i l i v a l e n t t o 0.01 % and t h e r e f o r e not measurable. 
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Table 42 
Exchange c a p a c i t y o f ZAP a t 300 C 
NOs Bkgd Corr JC-Spec N^s Bkgd Corr iT-Spec 
Count Co:Fe Count Co :Fe 
417 2234 5.4:0.9 437 9656 
418 573 1.0:0.5 438 9428 
419 .472 0.9:0.5 439 9624 
420 508 0.8:0.4 440 9589 
421 214 0.6:0.2 441 9130 
422 439 0.8:0.4 442 9094 25 :ND 
423 1990 5.2:0.2 443 9190 
424 85342 220:2.0 444 9250 
425 10696 26:0.5 445 9283 
426 8920 446 9284 25 :ND 
427 9978 447 9012 
428 9228 24 :ND 448 9059 
429 9442 449 8462 
430 8673 450 9656 24 :ND 
431 9530 24 :ND 451 9156 23 :ND 
432 9929 452 9205 21 :ND 
433 9597 453 9148 
434 9214 454 9758 
435 9823 455 8918 
436 9914 26 :ND *456 8656 22 :ND 
*457 15041 25 :35 
400 21686 23:74 403 21712 23 :75 
401 22156 26:79 404 20532 24 :69 
402 25962 26:87 
Ana l y t e volume = 5ml. ND = Nothing Detected. 
* Analytes c o l l e c t e d w h i l s t column c o o l i n g down. 
Bkgd Corr Count = Background c o r r e c t e d count. 
if-Spec = Gamma Spectrometry-
Analyte 400 sampled from b o t t l e a t s t a r t 
401 precolumn i n l e t a t s t a r t 
402 precolumn i n l e t a t end 
403 sampled from b o t t l e a t end 
404 precolumn i n l e t a t end (repeat o f a n a l y t e 402) 
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The r e s u l t s f o r the a n a l y t e s 420-430 show t h a t c o b a l t 
breaks through i n v i r t u a l l y one sample (424), a f t e r 
which a steady f i g u r e e q u i l i v a l e n t t o t h a t loaded i s 
recorded f o r the next 30 samples. The volume loaded 
a t the p o i n t of breakthrough was 40ml of s o l u t i o n , 
corresponding t o 1600pg of i r o n and 20pg of c o b a l t . A 
cross check of the s o l u t i o n by ICP, gave a value o f 
1.4ppm c o b a l t , which i n 15ml i s e q u i l i v a l e n t t o 21pg 
c o b a l t . No s i g n i f i c a n t breakthrough of i r o n o c c u r r e d , 
even when the column was c o o l i n g down ( a n a l y t e s 
456/457). T o t a l l o a d i n g of i r o n onto the column was 
205ml or 8200)ig i r o n , i n d i c a t i n g e i t h e r a massive 
a f f i n i t y of i r o n f o r the exchanger or more l i k e l y 
p r e c i p i t a t i o n of i r o n , but i n e i t h e r case, the ZAP 
demonstrates i t s e l f as an e f f e c t i v e exchanger f o r the 
o 
removal of i r o n a t 300 C. 
The experiment on the T i 0 2 exchanger used t h e 
column t h a t had p r e v i o u s l y been employed t o measure 
the t o t a l c a p a c i t y of the Ti 0 2 exchanger (Chapter 
6.3.3). The column s t i l l r e t a i n i n g the 51% c o b a l t 
loaded ( 97pg c o b a l t or a t o t a l (gjross) )S-count o f 
330,000, when c o u n t i n g a 15ml a l i q u o t f o r 180 
seconds). The mixed i s o t o p e s o l u t i o n used, c o n s i s t e d 
of i r o n and c o b a l t i n the r a t i o 10 :0.1 ppm, spiked 
w i t h both Fe-59 and Co-60 and made up i n 1200ppm LBS. 
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This s o l u t i o n was loaded onto the column, which was 
a t 300 C, a t 1ml min"-"-. F r a c t i o n s were c o l l e c t e d 
every two minutes ( 2 m l ) , made up t o 15ml w i t h 
d i s t i l l e d water and counted by gamma(^')spectrometry. 
The r e s u l t s are shown i n t a b l e 43. 
Comparison of th e t o t a l and gamma spec t r o m e t r y 
counts f o r c o b a l t and i r o n , show a good c o r r e l a t i o n 
between the two c o u n t i n g t e c h n i q u e s . The t r e n d 
observed i s as on p r e v i o u s occasions, a s m a l l i n i t i a l 
breakthrough occurs as the column i s warming up and 
by the t h i r d a n a l y t e t h e r e was no breakthrough o f 
e i t h e r c o b a l t or i r o n . For the remaining a n a l y t e s 
554-560, i r o n was r e t a i n e d on t h e column, since no 
Fe-59 was detected by J-spectrometry. 
For c o b a l t however, t h e r e was a massive amount i n 
a n a l y t e 554, the a c t i v i t y o f which decreased w i t h 
a d d i t i o n a l sample loaded. Nevertheless even a f t e r a 
f u r t h e r s i x samples t h e i r was s t i l l t e n times more 
a c t i v e c o b a l t being e l u t e d than had been i n t h e 
o r i g i n a l s o l u t i o n . The e x p l a n a t i o n of which, i s t h a t 
the p r e v i o u s l y r e t a i n e d c o b a l t has been d i s p l a c e d by 
i r o n , a s i t u a t i o n a l s o o c c u r r i n g i n the t r a n s f e r l i n e 
as evidenced by the r e s u l t s from the two s t a n d a r d s . 
That c o b a l t on the column and/or t r a n s f e r l i n e as 
e i t h e r the m e t a - t i t a n a t e s p i n e l or trapped on 
i n a c c e s s i b l e exchange s i t e s has been d i s p l a c e d by 
i r o n , demonstrating t h e g r e a t e r a f f i n i t y of t h e 
s m a l l e r more p o s i t i v e l y charged Fe ( I I I ) i o n w i t h t h e 
T i 0 2 exchanger or t i t a n i u m t u b i n g . 
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TABLE 4 3 
300 ^'C t o t a l c a p a c i t y e x p e r i m e n t u s i n q 
S a m p l e Sample B a c k g r o u n d ^ f - S p e c t r o m e t r y 
Number V o l u m e C o r r e c t e d B q . M l - 1 
m l G r o s s ^S- C o u n t Co-60 : Fe-59 
5 5 1 2ml 3 9 0 1 0.5 : 6 
552 2ml 1 4 8 1 1.0 : 0.5 
553 2ml 275 <0.5 : <0.5 
554 2ml 91128 83 : <0.5 
555 2ml 66444 60 : <0.5 
556 2ml 25844 24 : <0 .5 
557 2ml 13250 12 : <0.5 
558 2ml 9867 8.5 : <0.5 
559 2ml 69B3 6-5 : <0.5 
560 2ml 5 1 2 1 5.0 : <0 .5 
550 2ml 9307 0.5 : 15 
5 6 1 2ml 710 2 1.5 : 10 
S t a n d a r d s N** 550 c o l l e c t e d t h r o u g h pump a n d t r a n s f e r 
l i n e a t s t a r t . 
S t a n d a r d s N° 5 6 1 c o l l e c t e d t h r o u g h pump a n d t r a n s f e r 
l i n e a t e n d . 
A l l s o l u t i o n s w e r e made up t o 1 5 m l b e f o r e c o u n t i n g . 
1 Bq m l " ^ Co-60 g r o s s ^ - c o u n t ^ 1100 
1 Bq m l - 1 Fe.59 ^^^^^ 1^ - c o u n t ^ 585 
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I n m e a s u r i n g t h e w o r k i n g c a p a c i t y o f t h i s 
p a r t i c u l a r c o l u m n (10cm x 0 . 4 6 c m ) , o f w h i c h 5 1 % o f 
t h a t p r e v i o u s l y l o a d e d (180;jg c o b a l t ) s t i l l o c c u p i e s 
t h e " i r r e v e r s i b l e s i t e s " , shows t h a t 80;jg i r o n a n d 
0.8|Jg c o b a l t was l o a d e d b e f o r e a n y b r e a k t h r o u g h 
o c c u r r e d . 
8ml X lOppm Fe = SO.Opg Fe 
8ml X O.lppm Co = 0.8pg Co 
On t h e a s s u m p t i o n t h a t i n a n lOOml s a m p l e , t h e 
e x p e c t e d w e i g h t o f m e t a l s p e c i e s i s b e t w e e n 1-10Mg^ 
t h e n t h e c a p a c i t y o f t h e c o l u m n has a p p r o x i m a t e l y a n 
o r d e r o f m a g n i t u d e i n e x c e s s o f t h a t r e q u i r e d f o r 
t h a t s a m p l e . 
6-4.3 G e n e r a l D i s c u s s i o n o f P a r t Two E x p e r i m e n t s 
I t w o u l d a p p e a r f r o m t h e r e s u l t s a t 300°C, t h a t 
T i 0 2 has a b e t t e r r e c o v e r y p e r f o r m a n c e f o r c o b a l t 
t h a n ZAP ( Z i r c o n i u m A r s e n o P h o s p h a t e ) , a l t h o u g h t h e r e 
i s l i t t l e t o c h o s e b e t w e e n t h e m . I r o n r e c o v e r y 
h o w e v e r , w a s s u b s t a n t i a l i t y b e t t e r f r o m t h e ZAP 
c o l u m n a n d t h e r e f o r e c h o i c e o f m a t e r i a l may w e l l 
d e p e n d upon t h e d e s i r e d a n a l y s i s r e q u i r e d , a s w e l l as 
t h e e x p e c t e d l o a d i n g on t h e c o l u m n . 
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The r e s u l t s show t h a t i r o n h a s a much g r e a t e r 
a f f i n i t y w i t h t h e T i 0 2 e x c h a n g e r t h a n t h e ZAP 
s u g g e s t i n g e i t h e r d i f f e r i n g t y p e s o f e x c h a n g e 
m e c h a n i s m o r d i f f e r i n g d e g r e e s o f i n t e r a c t i o n o f t h e 
m e t a l w i t h t h e s u b s t r a t e . 
The a b i l i t y o f i r o n t o d i s p l a c e c o b a l t f r o m o f f 
p r e v i o u s l y c o a t e d t i t a n i u m t r a n s f e r ( s a m p l e ) l i n e s 
a nd T i 0 2 e x c h a n g e r , h a s a number o f p o t e n t i a l 
a d v a n t a g e s - I n m i x e d m e t a l s o l u t i o n s o f l o w 
c o n c e n t r a t i o n , a d s o r p t i o n l o s s e s o f c o b a l t a r e 
m i n i m i s e d a n d p r e t r e a t m e n t w i t h i r o n o r a more 
p r e f e r e n t i a l l y a b s o r b e d c a t i o n w o u l d r e n d e r t h e 
t r a n s f e r l i n e s " i n e r t " . To t h i s e n d s t u d i e s u s i n g 
l a n t h a n u m - 1 4 0 w e r e c a r r i e d o u t a n d t h e r e s u l t s a r e 
r e p o r t e d i n t h e n e x t c h a p t e r . 
6.5 C o n c l u s i o n s 
The a b i l i t y o f a l l f o u r e x c h a n g e r s Z r 0 2 / T i 0 2 f 
PCGB a n d ZAP, f o r t h e c o l l e c t i o n o f t r a c e m e t a l 
s p e c i e s , e s p e c i a l l y c o b a l t ^ a t 300**C a n d 2 2 0 0 p s i i s 
d e m o n s t r a t e d , as i s t h e r e p r o d u c i b i l t y o f r e c o v e r y o f 
c o b a l t f r o m t h e s e e x c h a n g e r s . 
A 1 0 0 % r e c o v e r y o f c o b a l t f r o m t h e T i 0 2 a n d 
ZAP e x c h a n g e r s , was o b t a i n e d u s i n g 6ml o f a n e l u e n t 
c o m p a t i b l e w i t h t h e d e v e l o p e d a n a l y t i c a l s y s t e m . The 
e l e u n t u s e d was t a r t a r i c a c i d , h a v i n g a c o n c e n t r a t i o n 
o f 0.2M a n d pH r a n g e 4.3-4.6. 
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The PCGB e x c h a n g e r g a v e 1 0 0 % r e c o v e r y b u t 
r e q u i r e d 9ml o f e l u e n t a n d i s t h e r e f o r e n o t i d e a l l y 
s u i t e d t o t h e d e v e l o p e d a n a l y t i c a l s y s t e m . I t d o e s 
o f f e r i t s e l f as a n i n o r g a n i c i o n - e x c h a n g e r f o r t h e 
c o l l e c t i o n o f s p e c i e s a t e l e v a t e d t e m p e r a t u r e s , i s 
r e a d i l y a v a i l a b l e a n d h a s a h i g h i o n - e x c h a n g e 
c a p a c i t y . 
The Z r 0 2 e x c h a n g e r s t u d i e d , i s n o t s u i t a b l e f o r 
use i n t h e d e v e l o p e d a n a l y t i c a l s y s t e m , h a v i n g a l o w 
c a p a c i t y , p o o r r e c o v e r y p e r f o r m a n c e a n d h i g h % 
b r e a k t h r o u g h r a t e s e v e n a t 300°C. The a m p h o t e r i c 
n a t u r e o f t h e e x c h a n g e r a nd p o s s i b l e b a t c h t o b a t c h 
v a r i a t i o n s , c o u l d r e s u l t i n v a r i a b l e r e c o v e r y r a t e s . 
The u s e o f r a d i o n u c l i d e s h a s p r o v e d v e r y u s e f u l 
i n i d e n t i f y i n g n o t o n l y a d s o r p t i o n l o s s e s i n s a m p l i n g 
l i n e s , e s p e c i a l l y when e x t r e m e l y l o w c o n c e n t r a t e d 
s o l u t i o n s h a v e b e e n pumped t h r o u g h t h e m , b u t a l s o t h e 
d i f f e r i n g a f f i n i t i e s o f a d s o r p t i o n o f m e t a l s p e c i e s 
o n t o s u r f a c e s a t r o o m t e m p e r a t u r e a n d 300°C. 
The m e c h a n i s m o f e x c h a n g e o f c o b a l t i o n s a t 
e l e v a t e d t e m p e r a t u r e w o u l d seem t o a g r e e w i t h K i k u c h i 
a n d c o - w o r k e r s f o r T i 0 2 a n d Zr02 e x c h a n g e r s a n d may 
p o s s i b i l y be e x t e n d e d t o i n c l u d e ZAP a n d PCGB, 
a l t h o u g h t h a t w o u l d f o r m t h e b a s i s o f f u r t h e r 
r e s e a r c h w h i c h g o e s b e y o n d t h i s w o r k . 
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CHAPTER 7 
7. I n i t i a l s t u d i e s f o r F u t u r e Work, D i s c u s s i o n s a n d 
C o n c l u s i o n s 
7.1 I n t r o d u c t i o n -
A p a r t f r o m t h e s u i t a b i l i t y o f i n o r g a n i c i o n -
e x c h a n g e r s f o r t h e c o l l e c t i o n o f s o l u b l e m e t a l 
s p e c i e s , i n t h e p r i m a r y c o o l a n t o f a PWR a t 
t e m p e r a t u r e a n d p r e s s u r e , t h e most o v e r i d i n g f e a t u r e 
t o emerge f r o m t h e w o r k o f t h e p r e v i o u s t w o c h a p t e r s 
i s t h e i m p o r t a n c e o f t h e c h o i c e i n t h e m a t e r i a l s o f 
c o n s t r u c t i o n o f t h e s a m p l e l i n e a nd p r e c o n c e n t r a t i o n 
s y s t e m -
C h a p t e r f i v e h i g h l i g h t e d t h e n e e d t o r e d u c e t h e 
amount o f s t a i n l e s s s t e e l w i t h i n t h e p r e c o n c e n t r a t i o n 
s y s t e m a t 300*?C, b e c a u s e m a s s i v e c o n t a m i n a t i o n 
a r i s i n g f r o m i r o n a n d n i c k e l , c a u s e d i n t e r f e r e n c e 
w i t h t h e d e t e c t i o n o f c o b a l t . 
C h a p t e r s i x has shown t h a t a t v e r y l o w 
c o n c e n t r a t i o n s , a d s o r p t i o n o f c o b a l t o n t o t i t a n i u m 
s a m p l i n g l i n e s e v e n a t r o o m t e m p e r a t u r e c a n be 
s i g n i f i c a n t , d e p e n d e n t upon c o n c e n t r a t i o n o f b o t h 
c o b a l t and o t h e r s p e c i e s i n s o l u t i o n . The e x p e c t e d 
m a t r i x i n t h e p r i m a r y c o o l a n t s h o u l d h a v e a c o b a l t t o 
i r o n r a t i o o f 1:100 t o 1:1000 a n d a c o b a l t 
c o n c e n t r a t i o n o f up t o 20pg m l ' * l . 
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s t u d i e s i n C h a p t e r s i x h a v e shown t h a t t y p i c a l l y 
b e t w e e n 5-10% o f c o b a l t , i n a 54pg m l " ^ : 6 n g m l ~ ^ 
c o b a l t : i r o n s o l u t i o n was a d s o r b e d o n t o t h e s u r f a c e s 
o f t h e s a m p l e l i n e s , w h i l s t p u m p i n g s t a n d a r d s t h r o u g h 
t h e m . The e x p e c t e d c o n c e n t r a t i o n s i n t h e p r i m a r y 
c o o l a n t a r e s i m i l a r t o t h o s e a l r e a d y s t u d i e d , 
t h e r e f o r e up t o 10% a d s o r p t i o n l o s s e s f o r c o b a l t c a n 
be e x p e c t e d , a l t h o u g h d i r e c t c o r r e l a t i o n i s d i f f i c u l t 
s i n c e s o l u t i o n s s t u d i e d w e r e e i t h e r a t r o o m 
t e m p e r a t u r e o r h e a t e d up t o 300*C. Whereas i n 
p r a c t i s e t h e s o l u t i o n pumped t h r o u g h t h e s a m p l i n g 
l i n e , w i l l a l r e a d y be a t 3 00°C a n d u n d e r t h e r e d u c i n g 
c o n d i t i o n s o f a h y d r o g e n o v e r p r e s s u r e -
The a i m o f t h e s e s t u d i e s a r e t o a s s e s s a r e a s i n 
w h i c h f u t u r e r e s e a r c h m i g h t be d i r e c t e d i n o r d e r t o 
r e d u c e a d s o r p t i o n a n d m i n i m i s e c o n t a m i n a t i o n e f f e c t s 
a r i s i n g f r o m t h e s a m p l i n g s y s t e m . 
7.2 A d s o r p t i o n o f a c t i v i t y o n s a m p l i n g l i n e s . 
A d s o r p t i o n o f a c t i v i t y o n t o t i t a n i u m s a m p l e 
l i n e s has been r e c o r d e d , w i t h t h e l a r g e s t a m o u n t s o f 
a c t i v i t y b e i n g m e a s u r e d o n t h o s e p a r t s o f a s a m p l e 
l i n e , w h i c h has e x p e r i e n c e d t e m p e r a t u r e s up t o 300°C. 
A one m e t r e l e n g t h o f t i t a n i u m s a m p l e l i n e , t h a t h a d 
b e e n i n p o s i t i o n b e t w e e n t h e i n j e c t o r a n d t h e 
p r e c o n c e n t r a t i o n c o l u m n ( s a m p l e l i n e T 2 , F i g u r e 3 5 ) , 
w h i c h had had a m i x e d i s o t o p e s o l u t i o n pumped t h r o u g h 
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i t , was c u t up i n t o 12 p i e c e s a p p r o x i m a t e l y 8cm i n 
l e n g t h a n d n u m b e r e d 1-12 s t a r t i n g f r o m t h e i n j e c t o r 
e n d . The c u t t u b e s w e r e b e n t i n t o a h o r s e s h o e s h a p e 
a n d c o u n t e d by g a m m a - s p e c t r o m e t r y , t h e r e s u l t s o f 
v / h i c h a r e p r e s e n t e d i n t a b l e 44 a n d F i g u r e 3 8 . 
T a b l e 44 
Nos 




1 4 0 0 : 6 0 0 
1 1 0 0 : 6 0 0 
8 0 0 : 3 5 0 




3 0 0 : 2 5 0 
4 0 0 : 2 0 0 
5 5 0 : 3 0 0 




9 6 5 0 : 7 5 0 
10 8 5 0 : 1 7 0 0 0 
11 1 2 0 0 : 2 3 0 0 0 













F i g u r e 38 











12 11 10 9 8 7 6 5 4 3 - 2 1 
X = C o b a l t Co-6p a c t i v i t y © = I r o n Fe-59 a c t i v i t y 
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The p r o f i l e o b t a i n e d shows' t h a t h i g h e r l e v e l s o f 
a d s o r p t i o n o c c u r r e d a t t h a t end o f t h e t u b i n g , 
l o c a t e d i n t h e gas c h r o m a t o g r a p h y (GC) o v e n . The 
a d s o r b e d a c t i v i t y was o f b o t h c o b a l t and i r o n a n d 
a t t e m p t s t o remove t h i s a c t i v i t y b y f l u s h i n g w i t h 
v a r i o u s e l u e n t s , 0-2M t a r t a r i c a c i d , 15ppm f e r r i c 
c h l o r i d e s o l u t i o n a n d 1 % n i t r i c a c i d a l l f a i l e d . 
A d s o r p t i o n o n t o t h e i n t e r n a l t u b e s u r f a c e s was 
t h e r e f o r e c o n s i d e r e d t o be p e r m a n e n t . G i v e n p r e v i o u s 
e x p e r i e n c e r e g a r d i n g t h e d i s p l a c e m e n t o f c o b a l t w i t h 
i r o n , t h e n i t w o u l d be u n w i s e t o u n e q u i v o c a l l y 
q u a l i f y t h e s e f i n d i n g s , a l t h o u g h i t w o u l d a p p e a r t h a t 
a d s o r p t i o n o f c o b a l t a n d i r o n a t t h e l o w e r 
t e m p e r a t u r e end o f t h e s a m p l e l i n e was c o n s t a n t - As 
t h e l i n e t e m p e r a t u r e i n c r e a s e s s o t o o d o e s t h e 
a d s o r p t i o n , w i t h a d r a m a t i c i n c r e a s e as t h e l i n e g o e s 
i n t o t h e gas c h r o m a t o g r a p h y (GC) o v e n t o 300°C. 
7.3 C o m p a r i s o n o f S t a n d a r d s pumped t h r o u g h T i t a n i u m 
and S t a i n l e s s S t e e l Sample L i n e s . 
Much o f t h e w o r k i n t h e l a s t C h a p t e r a n d t h e 
w o r k a b o v e has shown t h a t a d s o r p t i o n o n t o t i t a n i u m 
s a m p l e l i n e s d o e s o c c u r . A t r i a l was t h e r e f o r e 
c a r r i e d o u t t o d e t e r m i n e a n d c o m p a r e t h e e f f e c t s o f 
u s i n g s t a i n l e s s s t e e l t u b i n g i n s t e a d o f t i t a n i u m . 
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S t a n d a r d s w e r e pumped t h r o u g h v i r g i n t i t a n i u m a n d 
s t a i n l e s s s t e e l s a m p l e l i n e s o f one m e t r e l e n g t h , 
s i t u a t e d b e t w e e n t h e s a m p l e pump a n d i n j e c t o r . The 
r e s u l t s a r e shown i n T a b l e 4 5 . 
T a b l e 45 




C o r r 
C o u n t 
30822 
Where s a m p l e was t a k e n 





T a k e n f r o m pump h e a d p r i o r 
t o s a m p l e l i n e c o n n e c t e d 




T a k e n a t i n j e c t o r a f t e r 
p u m p i n g t h r o u g h v i r g i n 









T a k e n a t i n j e c t o r , p u m p i n g 
t h r o u g h v i r g i n s t a i n l e s s 
s t e e l s a m p l i n g l i n e . 
A l l r e s u l t s a r e f o r 15ml a l i q u o t s , o f a n o m i n a l I p p m 
c o b a l t s o l u t i o n s p i k e d w i t h Co-60 and made up a s 
a l w a y s i n 1200ppm l i t h i u m b o r a t e s o l u t i o n ( L B S ) -
A v e r a g e c o u n t NoS 1-4 = 28028 
5-7 = 17615 
8-11 = 27643 
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T h e r e f o r e p e r c e n t a g e a d s o r p t i o n o f c o b a l t o n t o v i r g i n 
t i t a n i u m and s t a i n l e s s s t e e l t u b i n g , b a s e d on a n 
a v e r a g e c o u n t o f 28028 i s as f o l l o w s : -
T i t a n i u m t u b i n g = 3 7 . 2 % 
S t a i n l e s s s t e e l t u b i n g = 1.4% 
T h ese p r e m l i m i n a r y r e s u l t s show t h a t a d s o r p t i o n 
o n t o s t a i n l e s s s t e e l s a m p l i n g l i n e s i s much l e s s t h a n 
o n t o t i t a n i u m s a m p l i n g l i n e s . Thus a c l e a r 
r e c o m m e n d a t i o n t h a t f o r t h e p u m p i n g o f s o l u t i o n s a t 
a m b i e n t t e m p e r a t u r e s , t h e n s t a i n l e s s s t e e l t u b i n g i s 
t h e p r e f e r r e d c h o i c e . However, s o l u t i o n s w i l l n o t 
j u s t c o n t a i n c o b a l t and t h e r e f o r e t h e e f f e c t s o f 
o t h e r s p e c i e s i n s o l u t i o n , c o m p e t i n g f o r a d s o r p t i o n 
w i l l s i g n i f i c a n t l y r e d u c e t h e f i g u r e o b t a i n e d f o r 
c o b a l t a d s o r p t i o n o n t o v i r g i n t i t a n i u m s u r f a c e s . 
7.4 The P r e t r e a t i n g o f S a m p l i n g L i n e s . 
The p r e v i o u s l y n o t e d p r e f e r e n t i a l a t t r a c t i o n o f 
i r o n o v e r c o b a l t f o r a d s o r p t i o n o n t o t h e e x c h a n g e r , 
l e d t o t h e i d e a o f p r e t r e a t i n g t h e s a m p l e l i n e w i t h a 
s m a l l e r more p o s t i v e l y c h a r g e d c a t i o n . L a n t h a n u m was 
c h o s e n b e c a u s e i t met t h e a b o v e d e s c r i b e d c r i t e r i a 
and h a d a s u i t a b l e gamma i s o t o p e , w h i c h w o u l d a l l o w 
s t u d i e s s i m i l a r t o t h a t a l r e a d y c a r r i e d o u t , t o be 
c o n d u c t e d . 
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I s o t o p e Gamma E n e r g y Y i e l d H a l f L i f e 
KeV ( h o u r s ) 
La-140 1596 0.95 40.2 
A s t o c k s o l u t i o n o f l a n t h a n u m h a d a La-140 
a c t i v i t y o f 69.2 KBq m l " l a n d a c o n c e n t r a t i o n o f 
a p p r o x i m a t e l y 1700ppm l a n t h a n u m . 5ml o f s t o c k 
s o l u t i o n was made up t o 500ml w i t h 4 0 0 m l o f a 1000 
ppm l a n t h a n u m s o l u t i o n and 95ml d e i o n i s e d w a t e r , 
g i v i n g a s a m p l e a c t i v i t y o f 692 Bq ml"-*- ( 1 8 . 9 . 8 6 ) a n d 
t o t a l l a n t h a n u m c o n c e n t r a t i o n o f a p p r o x i m a t e l y 97ppm. 
U n f o r t u n a t e l y due t o d i f f i c u l t i e s i n g e t t i n g 
s u p p l i e s o f t i t a n i u m t u b i n g t h e r e was o n l y t i m e t o 
p r e t r e a t s t a i n l e s s s t e e l t u b i n g . T h e r e f o r e 2 x 1 
m e t r e l e n g t h s o f v i r g i n s t a i n l e s s s t e e . l t u b i n g , had a 
lOOppm l a n t h a n u m s o l u t i o n pumped t h r o u g h i t o v e r n i g h t 
(16 h o u r s ) a t 0.5ml m i n " ^ , f o l l o w e d by w a s h i n g t h e 
t u b e w i t h 100ml d e i o n i s e d w a t e r . The t u b i n g was 
p l a c e d i n t h e s e c t i o n b e t w e e n t h e pump and i n j e c t o r 
and i n j e c t o r a n d p r e c o l u m n , r e a d y f o r t h e 
e x p e r i m e n t a l p r o g r a m . 
A f r e s h l y p a c k e d T i 0 2 c o l u m n h a d 10 x 15ml 
a l i q u o t s o f 54pg ml'"^. Co-60, a c t i v i t y o f 52 Bq ml""*" 
l o a d e d o n t o t h e c o l u m n , w h i c h was a t 300°C a n d e l u t e d 
o f f w i t h t a r t r a t e e l u e n t . A s i m i l a r p a t t e r n t o t h a t 
r e p o r t e d i n t h e r e s u l t s f r o m T a b l e 36 was o b s e r v e d . 
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T h e r e was a n i n i t i a l p o o r r e c o v e r y f o l l o w e d b y 
i n c r e a s e d r e c o v e r y as " i n a c c e s s i b l e s i t e s " w e r e 
o c c u p i e d . T h i s e x p e r i m e n t was t h e n c o n t i n u e d by 
p u m p i n g t h e 97ppm l a n t h a n u m s o l u t i o n s p i k e d w i t h L a -
140 o n t o t h e c o l u m n , w h i c h was a t 300°C- The c o l u m n 
was i s o l a t e d o v e r n i g h t a n d t h e f o l l o w i n g d a y a 
f u r t h e r 1 2 0 m l o f L a - 1 4 0 s o l u t i o n was pumped o n t o t h e 
300 °C c o l u m n The r e s u l t s o f t h e s e l o a d i n g s a r e - g i v e n 
i n T a b l e 4 6 . 
T a b l e 46 
D i s p l a c e m e n t o f C o b a l t b y L a n t h a n u m 
Nos -Spec Nos • -Spec Nos -Spec 
Co: La Co: La Co :La 
Bq m l " ^ Bq m l " ^ "Bq m l " ^ 
85 1 4 0 :480 92 8:650 WSl ND:667 
86 2 9 : 590 93 ND:660 WS2 ND:650 
87 9:650 94 ND:640 100 ND:660 
88 9:630 95 ND:650 1 0 1 ND:650 
89 ND:630 96 ND:670 102 ND:57 
90 ND:640 97 ND:620 103-4 0.1:7 
91 ND:620 98 ND:630 105-9 0.1:3 
99 ND:660 110 51:250 
Nos 85-99 1 5 m l a n a l y t e s c o l l e c t e d a t 300''c. 
Nos WSl-2 S t a n d a r d s t a k e n f r o m b o t t l e . 
Nos 1 0 0 - 1 S t a n d a r d s pumped t h r o u g h s a m p l e l i n e T l a n d 
c o l l e c t e d a t i n j e c t o r . 
Nos 102-9 1 5 m l e l u a t e s u s i n g 0.2M t a r t r a t e . 
Nos 110 C o l u m n p a c k i n g + W a s h i n g s ( 1 5 m l ) . 
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v i r t u a l l y a l l t h e p r e v i o u s l y r e t a i n e d c o b a l t was 
e l u t e d i n t h e f i r s t 3 0 m l o f l a n t h a n u m ( 2 x 1 5 m l 
a l i q u o t s ) a n d c o m p a r i s o n w i t h t h e gamma s p e c t r o m e t r y 
c o u n t o f t h e l a n t h a n u m s t o c k s o l u t i o n ( W S l / 2 ) a n d t h e 
t w o s o l u t i o n s pumped t h r o u g h t o t h e i n j e c t o r Nos 1 0 0 -
1 0 1 , i n d i c a t e t h a t 1 0 0 % b r e a k t h r o u g h h a d o c c u r r e d 
(The v a r i a t i o n i n r e s u l t s c o u l d a r i s e f r o m + 0.5ml 
c o l l e c t e d as a 1 5 m l a n a l y t e ) . 
The c o l u m n was t h e n b a c k f l u s h e d w i t h 1 2 0 m l 0 -2M 
t a r t r a t e ; 0.1 Bq ml'h Co-60 a n d l l B q m l " \ L a - 1 4 0 was 
e l u t e d - The c o l u m n p a c k i n g was t h e n c o u n t e d i n 15ml 
t a r t r a t e s o l u t i o n a n d f o u n d t o c o n t a i n 5 1 Bq ml~^. Co-
60 a n d 250 Bq ml'V^ L a - 1 4 0 . Mass b a l a n c e o f t h e Co-60 
a m o u n t s t o 4 7 % , t h u s 5 3 % was r e t a i n e d o n t h e c o l u m n , 
w h i l s t 9 7% o f L a - 1 4 0 was a c c o u n t e d f o r a n d t h e r e f o r e 
t a k i n g c o u n t i n g s t a t i c t i c s i n t o c o n s i d e r a t i o n t h e 
mass b a l a n c e i s c o m p l e t e , i n d i c a t i n g t h a t n o o r v e r y 
l i t t l e a d s o r p t i o n o f L a - 1 4 0 h a s o c c u r r e d o n t o s a m p l e 
l i n e s . The s a m p l e l i n e T 2 , f r o m t h e i n j e c t o r t o t h e 
p r e c o l u m n was c u t up i n t o 14 x 7cm l e n g t h s , b e n t i n t o 
a h o r s e s h o e s h a p e a n d c o u n t e d o n t h e gamma 
s p e c t r o m e t e r . The r e s u l t s a r e p r e s e n t e d i n T a b l e 4 7 . 
The r e s u l t s show t h a t no l a n t h a n u m was a d s o r b e d 
o n t o t h e c o l u m n , w h i c h c o n f i r m s t h e a b o v e mass 
b a l a n c e . A m a s s i v e a m o u n t o f c o b a l t was a d s o r b e d a t 
t h e e n d o f t h e t u b i n g t h a t h a d s e e n 300** C. 
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S i n c e t h i s c o b a l t was n o t d i s p l a c e d b y t h e l a n t h a n u m 
t h e n i t h a d b e e n p e r m a n e n t l y a d s o r b e d o n t o t h e 
s u r f a c e , e i t h e r i n i n a c c e s s i b l e e x c h a n g e s i t e s o r 
b o u n d up as a s u r f a c e s p i n e l . F u t u r e w o r k c o u l d 
i n v e s t i g a t e t h i s , b y s p l i t t i n g t h e t u b e o p e n a n d 
u s i n g s u r f a c e t e c h n i q u e s s u c h as a s c a n n i n g e l e c t r o n 
m i c r o s c o p e (SEM), t o l o o k f o r s p i n e l f o r m a t i o n . 
T a b l e 47 
. A d s o r p t i o n P r o f i l e o f L a n t h a n u m c o a t e d 
l l ^ S t a i n l e s t o 30Q^^£^.^^^ 
Nos -Spec Nos -Spec Nos -Spec 
Co:La -Co: La ' Co:La 
Bq Bq Bq 
1 6:ND 6 1:ND 11 22:ND 
2 7:ND 7 1:ND 12 80:ND 
3 7:ND 8 1:ND 13 1470:ND 
4 '6:ND 9 1:ND 14 3200:ND 
5 ,4:ND 10 36:ND 
A mass b a l a n c e o f t h e s e r e s u l t s shows 109% 
a c c o u n t a b i l i t y o f c o b a l t . 
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7.5 Use o f L a n t h a n u m a s a n e l u e n t . 
From t h e p r e v i o u s s t u d i e s t h e i n d i c a t i o n was 
t h a t t h e lOOppm l a n t h a n u m s o l u t i o n t h a t d i s p l a c e d 
o 
c o b a l t , d i d n o t p r e c i p i t a t e o u t o f s o l u t i o n a t 300 C. 
T h e r e f o r e t h e r e i s t h e p o s s i b i l i t y o f u s i n g t h i s 
s o l u t i o n as an e l u e n t i n p l a c e o f t a r t r a t e . E l u t i n g 
o 
c o b a l t o f f t h e c o l u m n a t 300 C a n d s t o r i n g t h e e l u a t e 
o n a n i n t e r m e d i a r y BC-XIO c o l u m n . 
To e v a l u a t e t h i s p r o p o s a l a s m a l l e x p e r i m e n t was 
c a r r i e d o u t u s i n g a f r e s h l y p a c k e d T i 0 2 c o l u m n a n d a 
54pg ml"^. Co-60 s o l u t i o n . A n a l y t e s w e r e c o l l e c t e d 
e i t h e r (a) i m m e d i a t e l y a f t e r t h e b a c k p r e s s u r e v a l v e , 
o r (b) a f t e r t h e BC-XIO c o l u m n f i t t e d i m m e d i a t e l y 
a f t e r t h e b a c k p r e s s u r e v a l v e . T a b l e 4 8 . 
T a b l e 48 
L a n t h a n u m a s a n E l u e n t NOS Bkgd % Nos B k g d % 
C o r r Cum C o r r Cum 
C o u n t Rec C o u n t Rec 
310 908 2.7 330 1036 3.0 
3 1 1 34028 102.3 3 3 1 9 1 3.3 
312 736 104.4 332 27 3.4 
320 677 2.0 340 587 1.7 
3 2 1 34065 102.4 3 4 1 30 1.8 
322 865 104.7 342 54 2.0 
300 34923 343 58 0.1 
3 0 1 3 4 2 9 1 344 266 0.4 
302 34036 345 60385 99.8 
B k g d C o r r C o u n t = B a c k g r o u n d C o r r e c t e d C o u n t . 
% Cum Rec = P e r c e n t a g e C u m u l a t i v e R e c o v e r y . 
Nos 300 S t a n d a r d f r o n b o t t l e . 
Nos 301-2 S t a n d a r d s pumped t o p r e c o l u m n i n l e t . 
Nos 310-2 & 320-2 E l u a t e s w i t h o u t BC-XIO c o l u m n . 
Nos 330-2 & 340-2 E l u a t e s w i t h BC-XIO c o l u m n f i t t e d . 
Nos 343-4 2 X 15ml E l u a t e s b a c k f l u s h e d t h r o u g h 
p r e c o l u m n c o l l e c t e d p r i o r t o BC-XIO c o l u m n 
Nos 345 15ml T a r t r a t e e l u e n t t h r o u g h BC-XIO c o l u m n 
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The r e s u l t s show t h e a b i l i t y o f l a n t h a n u m t o a c t 
as a n e l u e n t a t 300**C i n e l u t i n g Co-60 f r o m o f f a 
T i O 2 c o l u m n and t h e a b i l i t y o f t h e B e n s o n BC-XIO 
c a t i o n e x c h a n g e r e s i n t o r e t a i n a l l t h e c o b a l t 
e l u t e d . F u r t h e r w o r k i n t h i s d i r e c t i o n w o u l d be t o 
m e a s u r e t h e l o n g e r t e r m e f f e c t s o f o p e r a t i o n , c a n a 
w e a k e r s o l u t i o n o f l a n t h a n u m be u s e d a n d how 
e f f e c t i v e i t i s as a n e l u e n t f o r m i x e d m e t a l e l u t i o n . 
7.6 D i s c u s s i o n and C o n c l u s i o n f o r F u t u r e Work -
The w o r k o f t h i s c h a p t e r h a s i d e n t i f i e d t h e 
f o l l o w i n g a r e a s f o r f u t u r e w o r k . 
The p r e t r e a t m e n t o f s a m p l i n g l i n e s m i g h t p r o v e a 
v i a b l e s i t u a t i o n , e s p e c i a l y f o r t i t a n i u m s a m p l i n g 
l i n e s whose i n t e r n a l b o r e s u r f a c e a r e v e r y r o u g h 
c o m p a r e d w i t h s t a i n l e s s s t e e l - T h i s w o r k u s e d 
l a n t h a n u m b u t s t u d i e s c o u l d i n c l u d e t h e u s e o f 
e l e c t r o p l a t i n g v / i t h s i l v e r , g o l d o r p l a t i n u m o r 
h a v i n g s a m p l i n g l i n e s made f r o m t h e s e m a t e r i a l s 
i n i t i a l l y . 
E l u t i o n o f c o l l e c t e d s p e c i e s a t t e m p e r a t u r e , a n 
a d v a n t a g e o f w h i c h a l l o w s f o r r e d u c e d a n a l y s i s t i m e , 
e l i m i n a t e s e f f f e c t s o f t h e r m a l s h o c k o n h e a t e d s a m p l e 
l i n e s w h i c h may h a v e a d s b r b e d s p e c i e s o n t h e m a n d i s 
h a l f - w a y f r o m t h e u l t i m a t e d e t e c t i o n s y s t e m t h a t 
m e a s u r e s s o l u t i o n s a t t e m p e r a t u r e a n d t h e r e f o r e 
e l i m i n a t e s a l l a r t i f a c t s d e r i v e d f r o m c o o l i n g t h e 
s o l u t i o n s t r e a m down. 
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A f u r t h e r a r e a f o r study i s i n the a s s e s s i n g of 
a d s o r p t i o n of t r a c e metal s p e c i e s onto heated 
sampling l i n e s a t 300*'Cr the mechanism i n v o l v e d and 
the nature of the adsorbed s p e c i e s . 
7.7 O v e r a l l C o n c l u s i o n s , 
As i n d i c a t e d i n Chapter two , the main concept 
of t h i s work has been towards the development of a 
p r a c t i c a l o n - l i n e d e t e c t i o n system c a p a b l e of 
automation, f o r the a n a l y s i s of c o b a l t i n the primary 
c o o l a n t of a P r e s s u r i s e d Water Reactor(PWR) a t 
temperature and p r e s s u r e . S i n c e d e t e c t i o n l i m i t s o f 
such low c o n c e n t r a t i o n s of s p e c i e s a r e i n v o l v e d (sub-
ppb l e v e l s of c o b a l t ) , then r e l i a b i l i t y ,of r e s u l t s 
becomes a b s o l u t e l y c r i t i c a l . 
The work of Chapter t h r e e d e t a i l s the 
development of a p r e c e n c e n t r a t i o n system c a p a b l e of 
d e t e r m i n i n g t r a n s i t i o n metals a t the pg ml"^ 
c o n c e n t r a t i o n l e v e l s i n the h i g h i o n i c PWR primary 
c o o l a n t m a t r i x of 1200ppm b o r a t e s o l u t i o n . 
Chapter four i n v e s t i g a t e s the use of C a l m a g i t e , 
a p r e v i o u s l y unused s p e c t r o p h o t o m e t r i c reagent f o r 
t r a c e metal a n a l y s i s by HPLC. Calm a g i t e an analogue 
of the more wi d e l y used Eriochrome B l a c k T ( E B T ) , was 
shown to respond to the same metals as EBT, although 
s e n s i t i v i t y was not as good. Long term s t a b i l i t y of 
t h i s r e a gent was c l e a r l y b e t t e r and i t was c o n s i d e r e d 
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. t h a t . i n a p r a c t i c a l s i t u a t i o n , s t a b i l i t y outweighed 
any d i s a d v a n t a g e s of reduced s e n s i t i v i t y . 
Chapter f i v e i n v e s t i g a t e d the novel use of 
i n o r g a n i c ion-exchangers f o r an a n a l y t i c a l 
a p p l i c a t i o n i n HPLC metal d e t e c t i o n , a t t e m p e r a t u r e s 
up to 300°C and 2 2 0 0 p s i , R e s u l t s showed t h a t 
exchangers such as Ti02 and ZAP a r e s u i t a b l e f o r the 
c o l l e c t i o n of s o l u b l e metal s p e c i e s a t 300°C, (a 
development which has the p o s s i b i l i t y of w i d e r 
a p p l i c a t i o n beyond the scope of t h i s work). The 
exchangers e x h i b i t p r o p e r t i e s which make them 
p a r t i c u l a r l y s u i t e d to the developed a n a l y t i c a l 
system, as e l u t i o n o f f t h e s e columns i s enhanced a t 
room temperature because c a p a c i t y of these m a t e r i a l s 
i s i n t e r e l a t e d w i t h temperature. The lower the 
temperature the lower the c a p a c i t y and t h e r e f o r e the 
e a s i e r i t i s to e l u t e any s p e c i e s c o l l e c t e d on them. 
Chapter s i x which s t u d i e d i n much f i n e r d e t a i l 
the a p p l i c a t i o n of i n o r g a n i c exchangers f o r 
a n a l y t i c a l , use, i d e n t i f i e d problems a s s o c i a t e d w i t h 
the a d s o r p t i o n of s p e c i e s a t sub-ppb c o n c e n t r a t i o n 
l e v e l s onto s u r f a c e s i n the system. The work of t h i s 
c h a p t e r went onto show t h a t a d s o r p t i o n l o s s e s o f 
c o b a l t , i n mixed i s o t o p e s o l u t i o n s , a t the 
c o n c e n t r a t i o n l e v e l s e x p e c t e d a r e approximately 5-10% 
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The a d s o r p t i o n l o s s e s were r e p r o d u c i b l e , w i t h i n t h i s 
band width and w h i l e not being e n t i r e l y s a t i s f a c t o r y 
do g i v e some c o n f i d e n c e f o r q u o t i n g r e s u l t s . 
From an e a r l y stage the n e c e s s i t y of an i n e r t 
system was e s s e n t i a l , i f samples were to be c o l l e c t e d 
a t 300 ^'c. Chapter f i v e had i d e n t i f i e d s e r i o u s 
c o n tamination problems a r i s i n g from s t a i n l e s s s t e e l 
above 150 **C, a problem which was thought to be 
overcome by. the use of t i t a n i u m components. The use 
of t i t a n i u m d r a s t i c a l l y reduced c o n t a m i n a t i o n 
problems, but caused o t h e r problems of i n c r e a s e d 
a d s o r p t i o n onto metal s u r f a c e s . 
Work i n Chapters s i x and seven has shown t h a t a t 
e l e v a t e d temperatures, a d s o r p t i o n onto s u r f a c e s 
i n c r e a s e s f o r both s t a i n l e s s s t e e l and t i t a n i u m . 
Chapter seven i n v e s t i g a t e d i n i t i a l s t u d i e s aimed a t 
r e d u c i n g or overcoming t h i s problem, and the 
pretreatment of sample t u b i n g u s i n g the h i g h l y 
p o s i t i v e l y charged lanthanum i o n looks p r o m i s i n g , 
although f u r t h e r work i n t h i s d i r e c t i o n i s r e q u i r e d . 
Chapter seven a l s o i d e n t i f i e d t h a t a t room 
temperature a d s o r p t i o n of s o l u t i o n s pumped through 
s t a i n l e s s s t e e l l i n e s was c o n s i d e r a b l y l e s s than 
through t i t a n i u m tubing and t h e r e f o r e i n l i n e w i t h 
the c o n c l u s i o n i n Chapter f i v e t h a t i d e n t i f i e d the 
major source of contamination as coming from the 
2 1 C 
s t a i n l e s s s t e e l f r i t , then s t a i n l e s s s t e e l sampling 
l i n e s would be the p r e f e r r e d c h o i c e and a g a i n f u t u r e 
work might be focused on the p o s s i b i l i t y of u s i n g 
gold, or platinum f r i t s ( i n i t i a l t r i a l s u s i n g s i l v e r 
f r i t s , i n a t a r t r a t e system r e s u l t e d i n the f r i t 
being d i s s o l v e d by the t a r t r a t e ) . 
The work, t h a t was c a r r i e d out a t W i n f r i t h on the 
Rig-L and Half Megawatt loops, i n a d d i t i o n to 
p r o v i d i n g r e p r o d u c i b l e r e s u l t s , a l s o s e r v e d to 
demonstrate the v e r s a t i l i t y of the system f o r m u l t i -
element a n a l y s i s and ease of s e t t i n g up. A f e a t u r e 
which i s most d e s i r a b l e i n a p r a c t i c a l s i t u a t i o n and 
one which lends i t s e l f t o be f i n e tuned to s u i t t h e 
requirements, of the l i q u i d stream i t i s a n a l y s i n g . 
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The reactor system of the reference 
design is based on the standard 
Westinghouse four-loop pressurised 
water reactor which produces 3425 
MW of heat. The reactor is cooled by 
water pressurised to 158 bar (2250 
psia) which IS pumped through four 
closed primary loops, each of which 
contains a steam generator and a 
pump. The steam which is produced 
in the secondary' side of the steam 
generators is passed to two 600 MW 
turbine-generators which produce a 
combined nett output from the power 
station of 1155 MW(e). 
Nuclear reactor vessel 
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rhe Reactor and 
Pressure Vessel 
The reactor pressure vessel is 
fabricated from carbon steel forgings 
welded together. The upper head of 
the vessel is retained by a bolted 
flange sealed with double metal *0' 
rings. The internal surfaces of the 
vessel are clad with a layer of 
stainless steel to minimise corrosion, 
rhe forgings and the weld metal 
[quality will be closely controlled to 
ensure that the necessary strength 
properties are achieved and the 
vessel will be subjected to 
exhaustive inspection and testing, 
both during and after fabrication, 
and to continuing inspection 
during service to ensure that no 
unacceptable degradation has taken 
place Similar standards will be 
applied to all the primary pressure 
circuit components. 
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rhe Steam Generator 
The steam generators (fig. 6) are 
)f the Westmghouse 'F' type. These 
ire a recirculation type of steam 
generator with inverted 'U' tubes 
:arrymg the primary circuit water, 
rhe steam is generated in the 
secondary water circuit in the shell 
side of the steam generator. The top 
Df the steam generator includes swirl 
vane separators and dryers so that 
steam at 0.25% wetness and a 
pressure of 69 bar a is produced. 
The F' type steam generator is a 
development of earlier versions and 
has been designed to overcome 
corrosion problems that have been 



































6 The Steam 
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rhe Reactor Coolant 
Pump 
The four reactor coolant pumps 
[see fig. 7) are of the Westinghouse 
I GOD type driven by 6 MW induction 
notors. These are vertical single-
stage centrifugal pumps with three-
stage pressure seals. The motors are 
Tiounted above the pumps and have 
lywheels incorporated to assist the 
:ransfer from forced to natural 
circulation in the event of a total loss 









Fig : Tr.e Reactor Ccclant Funp 
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The Pressurise! 
r Connected to one of the primary 
circuit loops IS a pressuriser vessel 
which IS operated partly filled with 
water and partly with steam, with 
electrical heaters and spray cooling 
to control the pressure in the system. 
The pressuriser vessel also carries 
























The Fuel Assembly 
The fuel consisting of slightly 
enriched uranium dioxide pellets, is 
contained in 193 fuel assemblies each 
of which extend the height of the 
reactor core The fuel assemblies 
each have 264 fuel rpds arranged in 
a 17 X 17 square lattice array Each 
rod is encased m a tube of zircalloy 
analloy of zirconium. The fuel 
assemblies are supported in the 
reactor pressure vessel by massive 
stainless steel internal structures 
which direct the coolant flow up 
through the fuel Reactivity, or power 
output. I S controlled both by 53 
clusters of absorber rods, which 
slide in selected fuel assemblies, and 
by variable boration of the reactor 
coolant water using soluble boric 
acid. The dissolved boron absorbs 
the excess unwanted neutrons thus 
controlling the reaction rate. 
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maximum sample volume of 20 ^ l and appeared to offer no 
benefit in respect of sample coniamment. 
Further studies have been earned out usmg a tubular probe 
fashioned f rom a totally pyrolytic graphite cuvette of 5 mm 
internal diameter.-" A photograph of this probe is shown m 
Fig. 2. Because the probe is essentially a short tube on a 
handle, the source radiation passes through it wi th i iu i a 
significant k>ss of light. The advantage of a tubular design is 
that the stem of the probe, and hence the clamping arm. can be 
located above the optical beam, whilst the sample is retained in 
the tubular enclosure. This eliminates the possibility of sample 
spreading, as the droplet is constrained to the lower portion of 
the probe by gravity, and allows an increase in the maximum 
sample volume that can be tolerated. It was found possible to 
deposit up to 81) ^ 1 of sample on to such a probe. However, on 
heating, the surface tension of the droplet dissipated, and the-
solution fell f rom the probe on to the tube wall . A practical 
upper limit of 40 ul sample volume can be used routinely. 
Acceptable precision can be obtained for solutions containing 
up to 7% nitric acid using this type of probe, compared with a 
maximum of 0.5-1% V/V using flat probes. The tubular probe 
may therefore offer significant advantages in the analysis of 
acid digests. Signals obtained by using the tube probe are much 
less temperature dependent than those obtained using the flat 
probe, which may indicate that diffusional effects are less 
influential as a consequence of better sample containment. The 
application of the tube probe is restncted to the determination 
of volatile and medium volatile elements, pnmarily because of 
the surface temperature limitations imposed by mass. 
Fig. 2. Tubular probe made from totally pyrolytic graphite 
However, the most general question of the optimum probe 
mass remains open, because interference effects are dependent 
on the vapour phase concentrations of both analyte and matrix. 
In certain instances, a relatively slow release of sample into a 
hot and constant temperature vap*>ur may be more beneficial 
in terms of reducing interferences than rapid heating, particu-
larly if the diffusional loss mechanism is inhibited. External 
heating of the probe may provide a greater degree of control 
over the vaporisation process, allowing a more comprehensive 
optimisation of the atomiser conditions. Such an atomiser wi l l 
alst) be important in the context of the continued development 
of multi-element furnace detection in both atomic abst)rption'^ 
and atomic emission spectrometry.-' 
This work was made jxissible by the provision of totally 
pyrolytic graphite tubes by Philips, and of instrumentation 
constructed or loaned by Pye Unicam L td . and Perkin-Elmer 
Corp. Financial support f r o m the Pve Foundation (for D . L . ) . 
SERC (for J . M . ) . Pye Unicam L td . ( fo r J.C. and S.P.C.), the 
Greater Glasgow Health Board ( for D . C . B . and S.C.) and 
M A F F (for S.C.S.) is also gratefully acknowledged. 
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Recent Advances in Trace Metal Analysis by High-performance Liquid 
Chromatography 
p. Jones, K. Barron and L. Ebdon 
Department of Environmental Sciences, Plymouth Polytechnic, Drake Circus, Plymouth, Devon PL4 8AA 
At Plymouth, work on the development of chromatographic 
systems for trace metal determinations has concentrated on 
using standard high-performance liquid chromatography 
(HPLC) hardware wherever pt>ssible. The mam systems under 
investigation are based on ion-exchange separation followed 
by photometric detection. The photometric detectors make use 
of post-column reactors incorporating a reagent, which pro-
duces a change in absorption t>r fluorescence when mixed with 
metal species as they elute f rom the column. The basic 
hardware set up is essentially as described previously,' except 
that the sample introduction system has been modified. The 
Rheodvne 7125 iniector has been replaced with a Rheixlyne 
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7000 series body connected so thai the sample can be drawn 
into the sample loop via a P T F E tube. This eliminates potential 
metal contamination from the standard glass and steel syringes 
normally used to loud the sample loop. 
Separation Systems 
Two chromatographic systems have been found lo be particu-
larly successful, giving good separations on column material 
with reasonable batch to batch reliability. One system uses a 
low capacity silica-based cation exchange material (Panisii U) 
S C X ) with a lactate elueni. The general elution order for the 
20 10 0 
Time/min 
Fig. I . Chromatogram of u soluiion containing 0.5 p.p.m. of Cu, Zn. 
Co. Mn and Mg (iOO-nl injection). Mobile phase. 0.1 M lactic acid ai 
pH 3.6. Detection is based on eriochrome black-T as post-column 
reagent, monitored at 610 nm 
Ni Co 
Time/mm 
Fig. 2. Chromatogram of a solution containing 5 p.p.m. of Fc(Ii l ) . 
Cu. Zn. Ni . Co. Fedl), Mn. Mg and 50 p.p.m. of Pb and Cd. 
injection). Mobile phase (1.2 M tartaric acid at pH 4.3. Detector as 
Fig. I 
metal cations investigated is C u . Z n . Fe(III ) . Ni. Co . Fe ( I I ) , 
Mn, Mg and C a . Fig. I is an example of the separation of five of 
these species. 
The other system uses a high-capacity resin-based cation 
exchanger (Bio Rad Aminex A 9 ) with a tartrate eluent. The 
eluiion order for this combination is Fe( ! I I ) . C u . Z n , Ni. Pb. 
Co. Fe(II ) . C d . Mn. Mg and C a . Fig. 2 illustrates the 
separation of nine metal species with the elution speed slowed 
down to resolve partially the Fe(II ) and Cd peaks. 
Post-column Reactor Systems 
The most successful genera! metal detection system at present 
uses eriochrome black-T ( E B T ) in the post-column reactor. 
The >.n j^. of the E B T itself is monitored by the ultraviolet -
visible detector (610 nm), and the appearance of a chromato-
graphic peak corresponds to a decrease in absorbance as the 
metal species reacts.' Some analogues of E B T can also be used 
if longer term stability of reagent solutions is required. Thus, 
calmagite can be successfully substituted, although there will 
be a slight loss in sensitivity. 
Detectors based on fluorescence, although limited to a 
smaller number of metal species compared with absorption 
systems, should give at least a factor of 10 increase in 
sensitivity. A post-column reaction system was developed 
using the water soluble reagent 8-hydroxyquinoIine-5-
sulphonate (8 -HQS) , which gives good fluorescence, particu-
larly with AI , G a . In . Mg, C d and Sn(II) . Fig. 3 shows the 
separation of A l , G a and In using the Partisil lactate system. 
The poor aluminium peak shape is thought to be due to strong 
interaction with the silica gel substrate. Better peak shape for 
Al should be obtained with a low capacity resin, but such a 
material is not yet generally available. The quantitative 
performance of the 8-HOS system has only been investigated 
forGa and was found to be linear from iOto 1000 pg l - ' .wi tha 
detection limit of approximately 1 Mg l ~ ' for a \00-\i\ injection. 





Fig. 3. Chromutogram of a solution containing U.5 p.p.m. of Ga. In 
and Al (lOO-jii injection). Detection is based on H-hydroxyquinoUne-5-
sulphonaie as post-column reagent, conccntnition 4 x !0-» M. 
Excitation 360 nm, emission 515 nm. elueni 0.3 M lactic acid at pH 3.0 
Applications 
Metal Samples 
The good quantitative performance of the E B T post-column 
reactor has already been demonstrated with the analysis of 
certified steel alloys.' Both major and minor components could 
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be analysed ai the same lime with acceptable precision and 
accuracy. 
The quantitative performance of the 8-HOS fluorescence 
post-column reactor was assessed with the analysis of a 
certified aluminium sample for gallium. Fig. 4 shows the 
chromatogram of the aluminium analysis, and the calculated 
gallium content is in good agreement with the certified figure. 
0 10 20 
Time/mtn 
Ffg. 4. Injection of 100 ul of aluminium sample (BCS no. 795g). 
Dissolved in nitric acid and diluted lo 200p.p.m. Detector as in Fig. 3. 
Eluent 0.15 M lactic acid at pH 3.1. Gallium content found. 0.oru% 
mJm. certificate value. 0.009% mim 
Simulated Pressurised Water Reactor Primary Coolant 
One important advantage of liquid-chromatographic methods 
is the ready adaption to on-line monitoring and automated 
analysis of liquid streams. One particularly promising area for 
the development of an H P L C monitoring system is for the 
analysis of trace metals in the primary coolant of a Pressurised 
Water Reactor. The monitoring of trace metals in the coolant, 
which is a solution of lithium borate in pure water, is not only 
important for initial studies of corrosion product release and 
deposition in the metal alloy casing and pipes, but also in the 
long term to keep a constant check on important nletal species 
during the life of the reactor. The levels of manganese, iron. 
50 100 ISO 
Volunne pre-concentrated/ml 
200 
cobalt and nickel are of main interest, but cobalt levels are 
particularly important as the reduction of cobalt-60 radiation 
fields will assist the economic viability of (he plant by limiting 
maintenance costs. 
As part of a project in collaboration with Winfrith Atomic 
Energy Establishment an H P L C system was developed with 
the initial objective of determining cobalt in simulated PWR 
primary coolant down to 0.01 | igl~' . Later work would include 
manganese, iron and nickel down to the I jig | - ' level. For 
these levels pre-conceniraiion is necessary, as the detection 
limit using the E B T detector is approximately 10 ^g l ~ ' for a 
lOO-jil injection. A pre-concentration column (5 x 0.45 cm), 
packed with Aminex A 9 resin, was used to replace the sample 
loop in (he 7000 series injection system, and another pump 
added to p re-concent rate (he simulated coolant, thus making it 
readily adaptable to on-line monitoring. When using cobalt 
standards made up in lithium borate' solution the pre-
concentration column was found to give good linear calibra-
tions over a wide range of volumes and concentrations. Fig. S. 
shows the quantitative response of the column at very low 
levels of cobalt. The ability of the system to achieve the 
required detection limit can be seen in Fig. 6. where, for a 
190-ml sample, (he detection limit for cobalt is approximately 
0.01 ^g I ' ' , measured as twice the peak to peak noise level. 
Mn Fe^ 
30 20 10 
Time/min 
Fig. S. Calibration graph of cobalt (O.I p.p.b.) peak height against 
volume of lithium borate solution (LBS) prc-concentrated 
Fig. 6. Analysis of 190 ml of lithium borate solution (LBS) spiked 
with cobalt (O.I p.p.b.). Chromatographic conditions as in Fig. 2 
An H P L C system has been tried out on simulated P W R 
loops at Winfrith Atomic-Energy Establishment and useful 
information has already been obtained on the effects of P W R 
circuit chemistry on manganese, iron, cobalt and nickel species 
at the sub-p.p.b. leveL 
The authors thank Messrs. M . Amey and G . Brown at Winfrith 
Atomic Energy Establishment for help and advice concerning 
the work on simulated PWR primary coolant. 
Reference 
I . Jones. P.. Hobbs. P. J., and Ebdon, i..,Analvst. 1984.109,703. 
220 
Journal of Chromatography, 354 (1986) 407-415 
Elsevier Science Publishers B.V.. Amsierdam — Primed in The Netherlands 
CHROM. 18 270 
D E V E L O P M E N T O F H I G H - P E R F O R M A N C E L I Q U I D C H R O M A T O -
G R A P H Y M E T H O D S F O R T R A C E M E T A L A N A L Y S I S 
D E T E R M I N A T I O N O F T R A C E C O B A L T IN S I M U L A T E D P R E S S U R I Z E D 
W A T E R R E A C T O R P R I M A R Y C O O L A N T 
P. JONES*. K. BARRON and L. EBDON 
Department of Environmental Sciences. Plymouth Polytechnic. Plymouth. Devon (U.K.) 
(First received September I9lh. 1985; revised manuscript received October 7th. 1985) 
SUMMARY 
A high-performance liquid chromatographic system was developed to deter-
mine trace metals in simulated Pressurized Water Reactor primary coolant. Cobalt 
is the main species of interest in this report and an on-line preconcentraiion column 
was used to increase sensitivity. Separation was achieved using an Aminex A9 ana-
lytical column and a mobile phase containing tartaric acid. Detection was by posi-
column reaction with eriochrome black T and up to ten metal species could be sep-
arated using this system. Good linear calibrations were obtained from 2.5-100 ng of 
cobalt absolute weight, using volumes up to 200 ml. The detection limit for a 200-ml 
sample was 0.01 ng ml"' . 
INTRODUCTION 
The application of high-performance liquid chromatography ( H P L C ) for rap-
id, multi-element trace analysis, has increased steadily in the past ten years, with a 
number of separation and detection methods having been developed'"*. One of the 
major advantages of H P L C is its potential for on-line and automated analysis of 
streams and circuits in a variety of industrial processes. It was considered that an 
H P L C system could be ideal for the monitoring of trace metal species in the primary 
coolant of a pressurized water reactor (PWR). Such an H P L C system would not only 
allow continuous on-line monitoring of chemical and physical transients, but also 
reduce the problem of adventitious sample contamination associated with discrete 
sampling methods. A further advantage is the multi-element capability which would 
help to keep the number of analytical techniques required to a minimum. 
The ratio of metal alloys in contact with the primary coolant, in terms of 
surface area, is ca. 75% Inconel. 20% Zircalloy and 5% stainless steel. The influence 
of PWR circuit chemistry conditions on the release and deposition of corrosion prod-
ucts species such as manganese, iron, cobalt and nickel, has to be studied and opti-
mized to minimize out-of-core radiation fields. There is particular interest in ^''Co 
002I-9673/S6/S03.50 © 1986 Elsevier Scier.cc Publishers B.V. 
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since it is the precursor of'^"Co, the predominant activation product found in circuit 
deposits. Reducing out-of-core activity is important as it minimizes maintenance 
costs and therefore assists in the economic viability of the plant. 
A number of difficulties have been experienced in the analysis of the coolant 
by currently available techniques. These arise from a combination of very low el-
emental concentrations [0.01-1.0 ng ml*^ (ppb)] and interferences caused by hthium 
and borate ions present in the coolant. At present the determination of manganese, 
iron, cobalt and nickel is carried out by either the lengthy preconcentration onto 
ion-exchange filters followed by X-ray fluorescence and/or electrothermal atomic 
absoiT)iion spectroscopy. Recently differential pulse polarography (DPP)* and dif-
ferential pulse stripping voltammeiry** have been proposed as altemalivc methods of 
analysis, with detection limits in the order of 0.01-1.0 ng ml"*, for nickel and cobalt; 
however, such methods cannot be readily adapted to on-line automation. 
Electrochemical* and photometric' measurement of metal complexes are the 
two main detection systems currently useti in the inorganic application of H P L C , 
with reported detection limits in the range O.l-l .O ng m P ^ In order to achieve limits 
in the pg m l ' ' range, a number of approaches have been adopted, namely: the use 
of large injection volumes'', new detector designs* and the use of fluorescent^ and 
radiochemical'*' detection systems. Sample preconcentration. either directly onto the 
chromatography column" or onto a precolumn'^. offers the most versatile approach 
to ultra-trace analysis. 
This paper describes the development of an H P L C method for the analysis of 
trace metal species in both simulated PWR primary coolant and distilled deionised 
water samples, with particular reference to the analysis of cobalt at the pg ml" ^ level. 
EXPERIMENTAL 
Apparatus 
The liquid chromatographic system (Fig. 1) consisted of a high-pressure siain-
less-sieel eluent pump (Consiametric III ; Laboratory Data Control ( L D C ) , Riviera 
Beach, F L , U.S.A.) and a high-pressure stainless-steel reagent pump (Model A A 
dual-piston Eldex pump: Eldex Labs., Mento Park, C A , U.S.A.) . Sample enrichment 
was carried out with a high-pressure PTFE-lined sample plump (Model A A dual-
piston Eldex pump), connected to a Model 7010 Rheodync injector valve (Rheodyne, 
Cotati, C A , U.S.A.) fitted with a preconcentration column. The detector was a double 
beam UV-visible spectrophotometer (SF770; Shocffel, Wesiwood, NJ , U.S.A.) . and 
the I cm length fiow-cell of 10 p\ capacity was monitored at 610 nm. The L D C pump, 
the data from the spectrophotometer and the printer (Houston Model, L D C ) were 
controlled by a central microprocessor control unit (Control Command Module, 
L D C ) . 
The analytical column was maintained at 60*C by immersion in a Gram-type 
J B l water-bath (Grant Instrumentation. Cambridge, U . K . ) . The conditions used 
throughout were an elucnt flow-rate of 1.5 ml min"' , a post-column reagent flow-
rate of 1.0 ml m i n " a n d a P T F E post-column reaction coil of 0.6 ml. 
Materials and reagents 
Distilled deionised water (DOW) was used throughout, with all samples, stan-
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Fig. I . Schematic diagram of apparatus. 
dards and reagents being stored in polyethylene bottles, which had previously been 
contacted with I M Aristar-grade nitric acid for 16 h, followed by five separate wash-
ings with DDW. Whenever possible Aristar grade chemicals (BDH, Poole. U.K.) 
were used. 
Standards were prepared by sequential dilution from 1000 ppm slock solutions. 
A stock solution of eriochrome black T (EBT) reagent (4 g I ' i n 2 A/ ammonia 
was prepared, from which the following daily working solution was prepared: 
EBT-DDW-2 M ammonia (4:296:200). The lithium borate solution (LBS), contained 
1200 mg 1"* of borate (typical of a PWR primary coolant), adjusted to pH 6.5 with 
1.8 mg I " * lithium hydroxide. 
The cation-exchange resin (Aminex A9, 11.0 ± 0.5 pm, Bio-Rad) was slur-
ry-packed at 3500 p.s.i. into both the 100 mm x 4.6 mm I.D. stainless-steel analytical 
column and the 50 mm x 4.6 mm I.D. titanium preconcentration column. 
Preliminary considerations 
Selection of the column material was based upon the requirement to operate 
over a long period of time. Therefore the cation-exchange resin (Aminex A9) was 
chosen because of its known long-term s tab i l i ty^ -This necessitated'the selection 
of a more strongly chelating polycarboxylic acid, and tartaric acid was used as 
eluent^'^2. The detection system was the EBT inverse photometric method described 
in detail elsewhere^^. having an absolute detection limit for lOO-pl injection of ca. 1 
ng for N i ' * , Co^*, Mn^* and Fe^*. Consequently to achieve the desired detection 
limit of 10 pg m l ' ^ sample preconcentration was required. Techniques such as sol-
vent extraction and sample evaporation are not particularly suitable for this appli-
cation because they are generally time-consuming and cannot readily be automated 
for on-line analysis. Direct preconcentration onto an analytical column requires a 
longer analysis lime per sample, is less flexible in operation and does not offer the 
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facility for guarding the analytical column from contamination. Preconcentration of 
the sample was achieved by collecting a known volume of sample onto a 50 mm x 
4.6 mm I.D. titanium precolumn, packed with Aminex A9. The preconcentrated 
sample was backflushed off the precolumn using 0.2 M tartaric acid onto an Aminex 
A9 siainless-sieel analytical column (100 mm x 4.6 mm I.D.). After 90 s the Rheo-
dyne injector was switched back into the load position, enabling another sample to 
be concentrated, while the first was being analysed. To illustrate the capability of the 
separation system for the determination of the metals of interest, a typical chro-










Fig. 2. Separation of mixed mcial standard (IOO-/1I injection). Metal ion concentrations: 5 ppm Fc**, 
Za**. N i ' * . and Mn^*; ID ppm M g " : and 25 ppm Fe**. Chromatographic conditions: 100 x 4.6 mm 
I.D. Aminex A9 column: elucnt. 0.2 M tartaric add (pH 4.3) at 1.5 ml min" ' ; detecUon. posiKJoIumn 
reaction with 7 . 10~* Af EBT solution pumped at I.O ml m i n " ' ; wavelength 610 nm. 
RESULTS A N D DISCUSSION 
• Prior to the investigation into the effectiveness of the preconcentration system, 
it was necessary to examine the stability of extremely low concentration of metal ions 
in different solutions. This was assessed by measuring the peak height response for 
10 ml of a 10 ppb mixed metal solution. Four difTereni aqueous systems were inves-
tigated and preconcentration volumes were chosen to give a calibration graph for 
each metal over a 20-100 ng weight range. 
The four aqueous systems were: (i) DDW; (ii) 0,0014 M nitric acid; (iii) 0.001 
A/ citrate bufTer; and (iv) simulated primary coolant (LBS). 
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The peak height response for cobah was similar for all four aqueous systems; 
however, on standing 24 h. a repeat analysis showed a decrease in the peak height 
response for standards made up in DDVV. Cassidy and Elchuk'^ also studied the 
stability of standards at trace levels and reported a similar effect for nitric acid so-
lutions after 100 h. The work reported here was only carried out over a 24-h period, 
and showed no decrease for standards prepared in nitric acid. However, higher blanks 
for nickel and iron were obtained, presumably due to the greater ability of the nitric 
acid to leach metals from wetted components. Consequently control standards were 
prepared and stabilized in 0.001 A/citrate buffer and compared with spiked solutions 
of simulated primary coolant water (LBS) in subsequent work. 
Investigation of preconcentration system 
The effectiveness of the preconceniration system for the determination of co-
balt at the required concentration was investigated by considering the following cri-
teria: (a) system contamination: (b) reproducibility of analysis: (c) quantitative per-
formance of the preconcentration column; (d) stability of very low concentrations 
(ng ml"*) of metal.ions: (e) detection limit for large preconcentration volumes. 
(a) Contamination is one of the major problems of ultra-trace analysis. When 
considering the effects of contamination on the system described here it is best treated 
as two separate units, the preconcentration section and the separation section. The 
separation section (the pumps connecting tubing and analytical column) is composed 
entirely of stainless-steel components. The tartrate eluent flows continuously and any 
metal leached from the stainless-steel surfaces will reach a steady state producing a 
constant background. However, leaching is best kept to a minimum otherwise too 
much of the EBT reageni'will be consumed. Thus the meial frits in the analytical 
column, which have a very high surface area, were replaced with PTFE frits. The 
situation regarding the preconceniration section is very different. Any metals leached 
from the wetted components will build up on the preconcentration column. Since 
preconcentration volumes can be 200 ml of more, leaching of metals could result in 
significant contamination. To reduce this contamination. PTFE tubing was used for 
all connections, the Eldex sample pump was PTFE lined, and the preconcentratton 
column was made of titanium with PTFE frits as bed supports. The only remaining 
stainless steel in the preconcentration system was the small amount in the inlet and 
outlet ports of the Rheodyne valve. Some contamination will still be present mainly 
from the reagents and deionized water. This will build up on the preconcentration 
column when a sample is preconcentrated affecting blank levels and thus the limit of 
detection. This will be discussed in section (e). 
((b) The reproducibility of analysis, at both the 1 ng ml"* and the 10 ng m l " ' 
levels, was determined for freshly prepared standards throughout a working day. In 
each case a total weight of 50 ng was preconcentraied for each determination. Table 
I shows the statistical interpretation of these results. The results show good repro-
ducibility throughout a working day, and are an indication that there were no ad-
sorption losses, even for a I ng ml"* LBS standard. 
(c) In order to investigate the quantitative response of the preconcentration 
column, different concentrations of cobalt in differing volumes of both LBS and 
citrate stabilised standard solutions were analysed. The results are shown in Table 
11. The absolute amounts of cobalt preconcentrated vary from 2.5 to 100 ng. The 
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TABLE I 
REPRODUCIBILITY OF PRECONCENTRATED SAMPLES 
Curate solutions LBS solutions 
10 ng ml~' / ng ml~' 10 ng mr' / ml'' 
Number of 
replicate analyses 6 8 6 8 
Standard devtaiion 2.52 LI7 2.62 6.25 
Coefficient of 
variation (%) 3.8 2.2 4.9 6.4 
TABLE II 













Lithium too 1 100 182 182 
borate 54 I 54 86 159 
solutions 25 I 25 39 156 
190 0.1 19 34 179 
100 0.1 10 17 170 
50 0.01 5 8.5 170 
25 • 0.1 2.5 3.75 150 
Citrate 10 10 100 146 146 
stabilized 5 10 50 71 142 
solutions 25 1 25 39 156 
10 1 10 14 140 
200 0.1 20 28 140 
100 0.1 10 14 140 
25 O.I 2.5 4 160 
* Peak height has been normalized to give value for 100 ng of cobalt preconcentrated. 
normalized figures show the response is very consistent, indicating good linearity of 
preconcentraiion over a wide range of volumes and concentrations (absolute weight 
range 2.5-100 ng). The minimum levels of cobalt in a PWR primary coolant may be 
very low (0.01 ng ml~*), thus preconcentrated samples will have small absolute 
weights concentrated. Therefore a further set of calibration graphs for both LBS and 
citrate stabilized solutions were produced to assess the linearity of preconcentration 
of different volumes of O.l ng ml" * solutions over an absolute weight range of 2.5-
20 ng (Fig. 3). Both graphs show a good linear response for the preconcentratioh of 
large volumes of dilute concentrations of cobalt in both LBS and citrate stabilised 
solution. 
(d) Following the initial investigation of the stability of these very low con-
centrations of metal ions in solution, a !ong term stability trial was set up, to measure 
the stability of solutions at both the 1 ng ml"* and the 10 ng ml"* concentrations. 
226 
HPLC METHODS FOR TRACE METAL ANALYSIS 





50 TOO 150 
vaUME PRECONCENTRATEO (ML) 
200 
Olppb COBAIJ IN LBS 
0 50 100 150 200 
VOLUME R?ECONCENTRATEO (ML) 
Fig. 3. Calibration graphs for blank corrected peak height response against volume preconcentrated. 
In each trial 50 ng of cobalt were preconcenirated and the cobalt peak height of the 
aged sample was divided by the cobalt peak height of a freshly prepared standard 
and plotted against time, thus allowing for any variation in peak height response 
arising from daily preparation of eluent and post column reagent. For the 10 ng 
nil"* and the 1 ng m l " * concentrations the ratios were measured over nine days and 
eight days respectively. Statistical variation of these ratios against time is shown in 
Table I I I . The results demonstrate good stability of metal ion solutions at the 10 ng 
ml"* level over a nine-day period, in citrate-stabilized solutions as well as in LBS. 
TABLE m 
STABILITY TRIAL OF COBALT STANDARD SOLUTIONS 
Citrate soiuttons LBS solutions 
10 ng ml'' / ng ml'' to ng ml~' I ng nil'' 
Mean ratio 1.034 0.973 1.001 0.823 
Standard deviation 0.069 0.039 0.03S 0.174 
Coefficient 
of variation (%) 6.8 4.0 8.S 21.1 
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However at the I ng ml** level over an eight-day period, the LBS was less stable, 
giving a coefficient of variation of 21.1%. The citrate-stabilized solution shows better 
long-term stability at very low concentrations and is therefore considered more suit-
able for making up reference standards. 
(e) To assess the detection limit, large volumes of spiked samples and blanks 
were preconcentraied and analysed. Results are shown in Figs. 4 and 5. From Fig. 
4. the detection limit for cobalt (twice the peak-io-peak baseline noise) in a 190-ml 
preconcentraied sample of simulated PWR primary coolant, is ca. 10 pg ml"*. This 
clearly shows the ability of the system to achieve the desired limit of detection in the 
solution matrix of a PWR primary coolant. Contamination from boric acid was 
particularly noticeable for cobalt and magnesium and to a lesser extent zinc, since 
a 200-ml citrate reagent blank (Fig. 5) gave much lower peak heights for these metals, 
the cobalt peak height being reduced by a factor of six. Iron levels were lower in LBS 
than citrate probably owing to the greater ability of citrate solution to leach metals 
from the small amount of 316 stainless-steel wetted components. For nickel and iron 
the levels of contamination are at present acceptable because the expected levels in 
a primary coolant are two to three orders of magnitude hicher than those in the 
blank, 
190m(01ppb COBALT in u8S 
200ml LBS BLANK 
Zn 
Co 
200mt Citrare Blank 





20 15 10 5 0 30 25 20 15 W 5 0 
MINUTES MINUTES 
30 25 20 15 10 5 0 
M I N U T E S 
30 25 20 15 10 5 0 
M I N U T E S 
Fig. 4. Analysis of LBS. spiked w l h cobalt. Chromalographic conditions similar to Fig. 2. 
Fig. 5. Analysis of citrate solution (0.001 M). spiked with cobalt. Chromatographic conditions similar to 
Fig. 2. 
228 
HPLC METHODS FOR TRACE METAL ANALYSIS 
415 
CONCLUSIONS 
This work demonstrates the ability of HPLC systems to determine cobalt at 
pg m l ' ' concentrations in the sample matrix of the primary coolant of a PWR. The 
performance of the preconcentration system gave quantitatively reproducible deter-
minations with a good linear response over two orders of magnitude (2.5-100 ng). 
Blank levels could be reduced further and thus decrease the limit of detection, by 
additional purification of reagents using techniques such as recrystallization. man-
ganese dioxide precipitation and constant electrolysis at a mercury pool electrode. 
The stability trials indicate the feasibility of the storage of samples for up to 7 days 
without adsorption losses when stabilized by a citrate buffer. 
The system is easily automated and offers considerable flexibility with easily 
changed preconcentration and analytical columns, the precolumn also acting as a 
guard column. Sample volumes may be varied lo suit requirements of either time or 
limit of detection, and the post-column reagents can be selected to vary both sensi-
tivity and selectivity. 
The system has been tried out on autoclaves at Winfrith Atomic Energy Es-
tablishment, and is presently being used for chemistry studies on a half Megawatt 
Loop, which simulates PWR operating conditions. Preliminary results have been very 
encouraging and have already shown the potential of the HPLC approach. The effect 
of varying PWR coolant chemistry on sub ppb cobalt levels could be monitored 
continuously where previously other methods had failed. Although not discussed 
here the detection of manganese, iron and nickel at the ppb level has also shown 
promising results and work is continuing on the multi-element performance of the 
developed HPLC system. 
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A p p e n d i x I . 
D e d i c a t i o n . 
My g r e a t e s t t h a n k s o f a l l g o e s t o my f a m i l y , f o r t h e 
s a c r i f i c e s t h e y ' v e h a d t o make. To my w i f e V a l , f o r 
h e r d r i v e , e n c o u r a g e m e n t a n d s h e e r h a r d w o r k . 
T h i s t h e s i s i s d e d i c a t e d t o y o u . 
